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THE CORRELATION OF THE ORE-BEARING SEDI- 
MENTS OF THE KATANGA AND RHODESIAN 
COPPER BELT. 


ANTON GRAY. 


INTRODUCTION. 


THE Katanga-Rhodesia Copper Belt extends ina NW.—SE. direc- 
tion from Musonoi in the Belgian Congo to Bwana M’Kubwa in 
Northern Rhodesia In the northwestern part of this area are 
found the well known oxidized ores of the Katanga; Etoile du 
Congo, Ruashi, Luisha, Kambove, Kipushi and many others. In 
the southeastern part of the area are located the recently dis- 
covered sulphide ores of Rhodesia, which include the Roan Ante- 
lope, N’Kana, Mufulira and N’Changa mines. All these de- 
posits are similar in that the principal metal mined is copper, 
always accompanied by varying but subordinate amounts of cobalt. 
Uranium ores have so far been found only in the Katanga. 

The principal ore bodies of both the oxidized and sulphide type 
occur as bedded deposits in more or less severely folded and 
faulted sediments of unknown age. The ores are found in 
dolomites, shales and quartzites in beds which have been variously 
named the Série des Mines, Roan series or Bwana M’Kubwa 
series. Although there are a few notable exceptions in which the 
deposition of the ore minerals has been controlled by faulting 
closely associated with these beds, giving rise to vein deposits, 
the characteristic common to nearly all the large deposits of the 
area is the close association of the ores with certain strata. The 
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forms of the various deposits differ greatly but they are in all 
cases controlled, almost entirely, by the various forms assumed 
by the more or less contorted beds in which the copper deposition 
took place. 

The general geology and ore deposits of parts of this district 
have been described in considerable detail by many geologists and 
engineers. Cornet’ studied the Katanga deposits in 1890-93. 
and the mineralogy of the ores has been investigated and de- 
scribed by Buttgenbach.*”. In 1924 Fourmarier* published his 
Carte Geologique du Congo Belge on which is included the 
geology, exceedingly generalized, of that part of the district lying 
in the Katanga. More recently several excellent geologic maps 
of portions of the area, made under the direction of M. Robert,* 
have been published by the Comité Spécial du Katanga.® Van 
Doorninck ° was the first to recognize the existence of the System 
of the Katanga, in which all the copper deposits occur, and the 
results of his work were published in 1928. 

The geological investigation on the Rhodesian side of the 
border was commenced more recently. Studt‘ in 1913 gave a 
general description of the geology of both the Katanga and 
Northern Rhodesia, but the systematic and detailed examination 
of the Rhodesian deposits has been carried on only for the past 
three or four years. Bancroft* presented to the 15th Interna- 
tional Geological Congress in 1929 some notes on the general 

1 Jules Cornet, “Les gisements metalliferes du Katanga,” Mem. et Publ. de la 
Soc. des Sci., des Arts ct des Letrés du Hainaut, 5th Ser. 8, 1896. 

2H. Buttgenbach, ‘“‘ Mineralogie du Congo Belge,” M.S.R.L. 3d Ser. 13, 1925. 

3 P. Fourmarier, “ Carte Géologique du Congo Belge avec notice explicative,” 
Rev. Univ., 7th Ser. 4, 1924. 

tM. Robert, ‘“ Le Katanga Physique.” Bruxelles. M. Lamertin, rue Conden- 
berg, 1927. 

5 Comité Spécial du Katanga, Carte du Katanga 1: 200,000, under the direction 
of M. Robert and control of H. Droogmans. With notices. Bruxelles, 51 rue des 
Petits-Carrnes. 

6 N. H. Van Doorninck, ‘“‘ De Lufilische Plooiing.” G. Naeff, The Hague, 1928. 

7F. E. Studt, “ The Geology of Katanga and Northern Rhodesia,” Geol. Soc. 
So. Afr., 1913. 

8 J. A. Bancroft and R. A. Pelletier, “‘ Notes on the General Geology of Northern 
’ Int. Geol. Con., 15th Session, 1929. Reprinted in Mining Mag., Lon- 
don, Dec., 1929, Jan., Feb., March, 1930. 
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geology of Northern Rhodesia, in which he described several of 
the ore deposits, and Gray and Parker °* in the same year described 
the geology and ore deposits of the N’Kana Concession. Bate- 
man ** has given an excellent summary of the geology of the 
Rhodesian copper district, and a detailed discussion of the ores. 

All the authors enumerated above have confined their atten- 
tion to a particular part of the copper belt. The Belgian geolo- 
gists were interested principally in the Katanga, and the more 
recent work in Rhodesia has been confined largely to the vicinity 
of the N’Kana and Rhodesian Congo Border concessions. Nearly 
all the geologists working in Rhodesia have speculated on the 
relationship existing between the Katanga and Rhodesian de- 
posits, and on possible correlations of the beds which contain 
them. However, dissimilarity of the ore-bearing sediments in 
the various parts of the district, combined with the flat, heavily 
forested topography, with its deep mantle of soil and great 
scarcity of outcrops, has made the correlation of rocks over the 
district a difficult task. It is only recently that sufficient data 
have been gathered to make such a correlation possible. 

The present paper gives the results of investigation of many of 
the deposits and much of the data available at the present time. 
The writer desires to acknowledge his indebtedness to the work 
of the men enumerated above and to many others. Much of the 
knowledge we now have of Rhodesian geology is due to the work 
of Dr. Bancroft and his assistants. The investigation of the 
rocks and ore deposits of the Katanga was made possible to the 
writer through the courtesy of the Comité Spécial du Katanga and 
the Union Miniére du Haut Katanga. Particular thanks are 
due for the courtesy and interest shown by Messrs. Schuiling and 
Dubois, chief geologists of the Union Miniére and Comité Spécial 
respectively, who spent considerable time and gave freely of their 
knowledge during this work. 


9 Anton Gray and R. J. Parker, “ The Copper Deposits of Northern Rhodesia,” 
E. and M. J., vol. 128, 1929. 

10 Alan M. Bateman, “ The Rhodesian Copper Deposits,” Canadian Min. and Met. 
Bull., pp. 477-513, April, 1930. ‘“ The Ores of the Rhodesian Copper Deposits,” 
Econ. GEOL., vol. 25, pp. 363-418, June, 1930. 


ANTON GRAY. 
GENERAL GEOLOGY OF THE COPPER BELT. 


The entire area of the copper district is characterized by slightly 
rolling topography, broken here and there by ridges or hills com- 
posed of the more resistant rocks. The average elevation of the 
ground is 1200 meters, and the higher portions represent an old 
peneplain, re-elevated in comparatively recent times, and upon 
which has just commenced a new cycle of erosion. Rock weath- 
ering exists to exceptional depths, and the soil covering attains a 
thickness of as much as 25 meters, averaging between 10 and 15 
meters. Except for the swampy areas along the streams the 
ground is covered by forest. 

Such topographic conditions make geological work difficult. 
Outcrops of the resistant rocks are scarce, and the more easily 
weathered sandstones, shales, and limestones are rarely found at 
the surface. The sedimentary succession, thicknesses, and struc- 
tures have been worked out from the information gained from 
small outcrops, prospecting pits, and boreholes. As most of this 
work has of necessity been concentrated near known copper-bear- 
ing rocks, detailed knowledge of both the rock succession and 
structures, such as might well be gained from even a preliminary 
reconnaissance in a more mountainous region, is still lacking in 
this district. 

The accompanying map (Fig. 1) has been compiled from 
many sources, but principally from the maps of the Comité 
Spécial,"* Union Miniére,” and Rhodesian Selection Trust.** The 
names of the formations used are those adopted in the present 
paper.** No attempt has been made on this map to distinguish 
between the two systems that form what is known as the “ Base- 
ment ”’ complex, nor between areas of older and younger granites. 
Only the principal zones of faulting have been shown, and both 
the scale used and the lack of detailed information have made it 

11 Comité Spécial du Katanga, op. cit. 

12 Union Minitre du Haut Katanga, Carte Géologique de la Zone du Cuivre, 
issued to members of the 15th Int. Geol. Congress. 

13 Published by Anton Gray and R. J. Parker, op. cit. See also papers by Alan 
M. Bateman, op. cit. 

14 For a comparison of the various local names for these formations, and the 


names used in the publications enumerated in the introduction, see Fig. 2. 
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necessary to map the two series of the System of the Katanga as 
units, taking no account of their various sub-divisions. 


The “ Basement’ Schists. 


The oldest rocks of the area are the ancient schists, gneisses 
and granite, which form the floor, now warped and distorted. 
upon which the younger copper-bearing sediments were laid 
down. This ancient complex consists of three distinct groups of 
rocks, probably all of pre-Cambrian age. The oldest of these is 


the Lufubu system, highly metamorphosed and extremely con- 
torted sediments which, within the district under consideration, 
are exposed only in a few places. The Muva system, lying un- 
conformably above the Lufubu schists, is also composed of very 


ancient sediments, some of the members of which are, fortunately, 
very distinctive and easily recognizable rocks. The quartzites of 
this system, particularly, are resistant rocks and in many places 
form well exposed ridges. Their composition, textures and 
weathering effects are such that they are not to be confused with 
any of the younger sediments. 

Both these systems, before the formation of the System of the 
Katanga, were intruded by large masses of granite. From these 
rocks was derived the material of which the sediments of the 
System of the Katanga were formed. 


System of the Katanga. 


Overlying this ancient complex is a thick succession of sedi- 
ments which Van Doorminck *° (Fig. 2) has called the System of 
the Katanga. No fossils have been found in these beds, and their 
age is as yet unknown.”* In the central part of the Katanga 
copper district the base of this system is not exposed, but it is 
found in the neighborhood of Musonoi, along the Rhodesia- 
Congo border, and in the copper district of Rhodesia. 

15 N. H. Van Doorninck, op. cit. 

16 Alan M. Bateman, “ The Rhodesian Copper Deposits,”’ op. cit., p. 11. It is 
stated in a footnote that Prof. Adolph Knopf estimates the age of the Katanga 


radium ores, contained in these rocks, as 610 million years, therefore, of Iate pre- 
Cambrian age. 
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The basal beds consist of a succession of conglomerates, 
arkoses, feldspathic sandstones, shales and thin beds of dolomite, 
some 350 meters in thickness. These beds are in most cases 
separated from the underlying Muva and Lufubu systems by a 
marked unconformity. 

The dolomites of the lower Roan become thicker towards the 





CORRELATION OF THE GEOLOGIC NOMENCLATURE USED IN RHODESIA AND THE KATANGA 
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top, and pass upward without a break into the upper Roan group, 
composed principally of dolomites and dolomitic shales with some 
interbedded sandstones. These beds contain the dolomites of 
the Série des Mines, which in the Katanga carry the great copper 
deposits. 

Lying above the upper Roan, but conformable with it, is the 
M’Washia group composed of some 400 to 600 meters of shales 
with local dolomitic beds and several fairly persistent sandstone 
horizons. The base of this group is marked by a formation, not 
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over 5 meters in thickness, composed of alternating chert and 
silicious odlite. The uppermost beds consist commonly of fairly 
distinctive feldspathic sandstones, which at some places in the 
southern part of the area are replaced by a banded silicious iron 
stone. 

These three groups I have called the Série des Mines. This 
name was first used in referring to the ore-bearing dolomites of 
the Katanga, but as no unconformity has been found between 
these rocks and those overlying and underlying them I have, in 
agreement with Schuiling and Dubois,’ extended the name to 
cover the entire series. 

Overlying the Série des Mines, and attaining at places a thick- 
ness as great as 4,000 meters, is the Kundelungu series. There 
is apparently no unconformity between these rocks and the under- 
lying Série des Mines, at least within the area of the copper belt. 
3ancroft,’* however, has found that the Kundelungu beds extend 
over a greater area than the Série des Mines, the basal conglomer- 
ate at places lying directly on the ancient schists. These beds 
represent, therefore, a transgressive overlap in the sedimentation 
of the original basin in which the System of the Katanga was 
laid down. 

The basal formation of the Kundelungu series, the so-called 
Tillite of the Katanga, is a very distinctive and persistent horizon 
of fluvio-glacial shales and conglomerates. This is followed by 
a succession, almost identical in Rhodesia and the Katanga, of 
dolomite, dolomitic shales, sandstones and feldspathic quartzites, 
which make up the lower Kundelungu. Then, with no discon- 
formity, comes the “Petit Conglomérat”’ of the Kundelungu, a 
formation very similar to the basal conglomerate of the series but 
much thinner, followed by relatively thin beds of limestones, 
shales and sandstones and, at places, the feldspathic sandstones 
known as the “ Plateau ” arkoses. 

All these rocks participated in the movements that caused the 
complicated folding and faulting now found throughout the dis- 

17H. J. Schuiling, chief geologist of the Union Miniére du Haut Katanga, and 


M. Dubois, chief geologist of the Comité Spécial du Katanga. 
18 Personal communication. 
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trict. Lying unconformably and almost horizontally upon the 
eroded surface of these folded and considerably metamorphosed 
beds are the lower Mesozoic sediments of the Lubilash system. 

The Lubilash beds have been almost entirely removed from the 
area of the copper belt, leaving exposed the truncated edges of the 
beds of the System of the Katanga, and over considerable area 
the underlying schists and older granites. Following, or accom- 
panying, the folding of the beds there was an intrusion of younger 
granite which, although the area has been deeply eroded, has been 
exposed only in a few places. The copper deposits of the district 
are in all probability associated with this granite. 

Although this area has been described as a peneplain, only the 
higher parts of the present topography really represent this ancient 
surface. In comparatively recent times there has been a re- 
juvenation of the drainage, probably caused by vertical uplift 
accompanied by little, if any, folding, and the present topography 
is in a very youthful stage. A new cycle of erosion has com- 
menced, but has not yet had time to do more than entrench a few 
of the old channels. 

THE SERIE DES MINES. 


There has never been any serious question of the correlation of 
the Kundelungu series in Rhodesia and the Katanga. The suc- 
cession of beds, and particularly the fluvio-glacial conglomerates, 
are so distinctive that they were recognized in the Rhodesian part 
of the district almost as soon as geologic work commenced. Since 
then the basal conglomerate of the series has been traced fairly 
continuously from the vicinity of Elisabethville into the Mufulira 
syncline. The principal difficulties have arisen in the correlation 
of the beds lying below the Kundelungu but above the Muva sys- 
tem. The difficulty arose from two main causes. First, the 
basal beds of the Katanga system are not exposed in the central 
part of the Katanga, where most of the prospecting and mining 
work has been carried out. Second, the dolomites of the Série des 
Mines rarely, almost never, outcrop in the Rhodesian part of the 
district, and have only recently been exposed by drilling and pros- 
pect pitting. 
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Fig. 3 gives a comparison of the succession of the Katanga 
system near Elisabethville in the Katanga, and Mufulira in 


Rhodesia. 





The Elisabethville succession was tabulated by Du- 
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by the Rhodesian Selection Trust geologists. 

Dubois, Van den Brande and Schuiling have found no discon- 
formity between the M’Washia and the dolomites of the Série 
Although the structure in the vicinity 
of the mines is often so complicated by faulting that the relation 


des Mines in the Katanga. 


19 M. Dubois, tabulated at the request of the author. 


and that for Rhodesia has been worked out independently 
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between these rocks is uncertain, they have been near M’Washia ”° 


and other places exposed in unbroken anticlines. 


At these places, 


the Série des Mines dolomites are found to underlie the M’ Washia 


sediments without a break. 


The rocks of the Série des Mines that lie below the ore-bearing 
dolomites, although unexposed in the vicinity of the principal 
Katanga mines, have been recognized by the writer at two places 
in the Congo: (1) At the falls of N’Zilo; and (2) on the Rho- 


desian-Congo frontier. 


At the Falls of N’Zilo on the Lualaba river, near Musonoi, 


there is an excellent exposure of Muva quartzite. 


The Lualaba 


river has cut a deep gorge through the rock and this correlation 
does not rest upon the examination of an isolated small outcrop, 


but on a large area of the comparatively fresh rock. 


The com- 


position, texture, structure, and weathering effects are so typical 
that there is no doubt about the identification in the writer’s mind, 
nor in the minds of the other Rhodesian geologists who have seen 


either the outcrops or specimens. 


Just upstream from the main 


gorge, east of the Muva and striking across the river at about 
N. 20 E., may be seen outcrops of conglomerate and feldspathic 


sandstones. 
largely made up of Muva quartzite. 
well rounded and form over 75 per cent. of the rock. 
is coarse and feldspathic. 


As in Rhodesia, the pebbles of the conglomerate are 
They are for the most part 
The matrix 
The feldspathic sandstones are identi- 
cal with those found in the lower Roan in Rhodesia. 


Conglom- 


erate beds appear interbedded in the sandstones, and above them, 
farther up the river, Gutzeit ** has found outcrops of sandy shales. 

These rocks Gutzeit has traced southward to a point west of 
Musonoi where they dip about 60 degrees to the east, that is, 
under the dolomites of the Série des Mines that contain the copper 


deposits of Musonoi and Kolwesi. 


He also states that he is able 


to detect no break in the succession and no faults, and that he con- 
siders these conglomerates and sandstones to form the base of 


the Série des Mines. 


20M. Van den Brande, geologist of the Comité Spécial du Katanga. 
and Schuiling, personal communications. 


M. Dubois 


21 G. Gutzeit, geologist of the Union Miniére du Haut Katanga, personal com- 


munication. 
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The writer, together with Mr. R. J. Parker, examined these 
rocks and the ore-bearing dolomites of Musonoi, and are certain 
that they represent not only the base of the Katanga system, but 
correspond to what has been called in Rhodesia the lower Roan. 
At this place the base of the System of the Katanga rests uncon- 
formably upon the Muva system, and the succession is essentially 
the same as in Rhodesia, that is, conglomerates, feldspathic sand- 
stones and sandy shales passing upward into copper-bearing 
dolomites. Both Gutzeit and Schuiling ** are certain that the 
ore-bearing rocks of Musonoi are the dolomites of the Série des 
Mines. 

On the Rhodesia-Congo border, from a point just east of 
Mufulira almost to Kipushi, there are exposures of the conglom- 
erates and feldspathic quartzites lying at the base of the System 
of the Katanga. Where the frontier crosses longitude 27° 40’ E. 
these conglomerates have been mapped by Robert ** as Kunde- 
lungu. More recent investigations carried out by the geologists 
of the Rhodesian Congo Border Concessions and by the writer, 
however, have shown that the basal conglomerate of the Kunde- 
lungu lies above this conglomerate and is separated from it by 
a considerable thickness of Roan and M’Washia sediments. 


“has 


On the frontier just east of Mufulira Timmerhans 
mapped the basal Roan conglomerate and overlying copper-bear- 
ing quartzites as M’Washia and believes that the copper deposits 
of Rhodesia are contained in the upper M’Washia sediments.*° 
A considerable amount of prospect pitting, however, has disclosed, 
lying above this conglomerate, a normal succession of lower 
Roan, upper Roan and M’Washia beds, with the copper contained 
almost entirely in the lower Roan, very little in the upper Roan, 
and none in the M’Washia. 

22 Personal communications. 

23 M. Robert, Comité Spécial du Katanga, op. cit., Feuille Tshinsenda. 

24M. Timmerhans, geologist for the Union Miniére du Haut Katanga. Map 
and correlation table issued to members of the 15th Int. Geol. Congress. 

25 Robert, on his Carte Géologique du Katanga, printed in November, 1929, has 
followed Timmerhans in placing the ore-bearing strata of Rhodesia in the M’Washia, 
and in mapping the basal Roan at N’Zilo as Kundelungu. The above criticism of 


Timmerhans’ work applies equally to Robert’s use of it in his compilation. 
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In Rhodesia the succession of the lower series of the Katanga 
system, or Série des Mines, has been worked out in detail, prin- 
cipally in the vicinity of Mufulira mine. The series is found to 
have a maximum thickness of about 1800 meters and has been 
divided into three groups, calied respectively the lower Roan, 
upper Roan and M’Washia. 

The lower Roan consists of from 350 to 600 meters of alternat- 
ing conglomerates, arkoses, sandstones, and sandy shales with a 
few thin beds of dolomite. Where present, the basal conglomer- 
ate varies from 0 to 200 meters in thickness. The pebbles and 
boulders are composed in large part of the rock lying immediately 
beneath it, being at some places almost all Muva quartzite, at 
others the older granite. The pebbles form a large percentage of 
the rock, and although variable in size, they are mostly well 
rounded. The matrix is a coarse, feldspathic sand. 

Above the basal conglomerate individual horizons of the group 
are difficult to trace, but everywhere the main characteristics are 
the same. At the base lie the feldspathic grits, with or without a 
basal conglomerate. Above these come a succession of feld- 
spathic sandstones, alternating with beds of argillaceous sand- 
stone, a few shale beds and some dolomite, with lenses of con- 
glomerate occurring at irregular intervals. These beds have the 
characteristics of shallow-water, continental deposits. 

Towards the top these sediments become finer and more 
dolomitic, and finally grade into the dominantly dolomitic beds 
of the upper Roan. These beds are exposed in very few places 
in Rhodesia, but test pits and boreholes show the group to be 
composed of thin beds of white or gray dolomite, dolomitic shales 
and a few beds of sandstone. The group is probably not over 
600 meters thick. 

At or near the surface these rocks appear as talc schists and 
more or less cellular, banded cherts. At one place banded quartz- 
ite, the bands representing original bedding planes, was found 
to pass at a depth of less than 10 meters into a massive gray 
dolomite. Many of these beds, even at great depth (200 to 300 
meters), are very talcose. 

The dolomites become sandier towards the top and in these 
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sandstones are found, locally, several lenses of what appears to be 
an intra-formational conglomerate. The exact horizon of these 
conglomerates has not yet been determined, but it is thought that 
they lie just below the chert and oolite formation which is here 
taken as the base of the M’Washia. This formation is apparently 
not over 5 meters thick and is overlain by the shales and sand- 
stones, having a maximum thickness of 600 meters, that form the 
M’Washia group. 

The lower part of the M’Washia is dominantly shaley. The 
lower shales are apt to be well banded, but higher in the group they 
become more massive and are often black and graphitic. Towards 
the upper part of the group thin layers of sandstone begin to 
appear, interbedded with black shales. The sand grains in these 
beds, unlike those of the lower Roan, are in large part consider- 
ably rounded and often have a frosted appearance. Individual 
layers of these sands may be less than one centimeter, or as much 
as 5 meters in thickness, but near or at the top of the group there 
is a fairly persistent feldspathic sandstone horizon tinat may attain 
a thickness of 15 meters. At some places this horizon contains 
a silicious banded ironstone. The M’Washia group is overlain 
conformably by the basal formation of the Kundelungu. 

From the foregoing it will be evident that the succession of the 
Série des Mines is essentially the same in Rhodesia as in the 
Katanga. Although individual beds are difficult or even im- 
possible to trace, the series may be divided over the entire copper 
belt into three groups. The lower of these is essentially sandy 
and conglomeratic. It is well exposed in the southeastern part 
of the area near the Rhodesian copper deposits, and in the north- 
western part of the area near Musonoi. 

The middle group is best exposed in the Katanga. It is es- 
sentially dolomitic and includes the ore-bearing dolomites of the 
Katanga. It appears to be of very little economic importance in 
Rhodesia, but is known to contain copper. The upper, or 
M’Washia group, is probably equally well exposed throughout the 
district and contains some of the Katanga copper mineralization. 
It contains distinctive beds which have formed some of the 
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marker horizons in the correlation of the various faults of the 
area. 

There is nowhere in the area any evidence of unconformity be- 
tween the Série des Mines and the Kundelungu series. Local dis- 
conformity between the two is indicated by a few pebbles of the 
M’Washia oolite which have been found in the Kundelungu con- 
glomerate, but this, in view of the evident overlap of the Kunde- 
lungu beds, can hardly be considered as evidence of any consider- 
erable unconformity. Certainly there have never been found at 
any place known to the writer any discrepancies in the stratifica- 
tion of the two series, and in a well exposed section near Kam- 
bove the M’Washia shales may be observed to pass, without a 
break, into the Kundelungu conglomerate. Therefore, it is con- 
sidered that these two series represent a single system of strata, 
the System of the Katanga, separated by marked unconformities 
from the underlying basement schists and overlying Lubilash 
system. 

ORE DEPOSITS. 
Stratigraphic Position of the Rhodesian Ores. 

The ore deposits of the Rhodesian copper mines are found in 
the lower Roan group of the Série des Mines. Fig. 4 shows sec- 
tions through the lower part of the Série des Mines at Mufulira, 
Chambishi and a prospect 10 kilometers west of the Roan Ante- 
lope mine. It will be seen that although the lower Roan differs 
in thickness and details of succession at all these places, the prin- 
cipal horizons may be correlated. In all cases there is a lower 
formation made up principally of feldspathic quartzite and grit. 
with interbedded conglomerates. This is thickest west of the 
Roan Antelope, but at Chambishi it appears to have been largely 
removed by an intrusion of granite. 

Above this formation, shales and dolomites appear interbedded 
with quartzites, and it is just under or in the lower of these shaley 
members that the ores are found. At Chambishi and Roan Ante- 
lope the ore is contained in the more or less dolomitic sandy shale 
just overlying the basal quartzite, and this is true also of N’Kana 
and part of the N’Changa ore body. At Mufulira the ore is 
53 
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found at three horizons, principally in the feldspathic quartzites 


just beneath shale or dolomitic beds. At Bwana M’Kubw 


ra the 


ore horizons are similar to Mufulira, and in a part of the 


N’Changa ore body the copper is also found in feldspathic quartz- 


ite underlying a shaley bed. 
Although these ores are contained in different rocks it is c 
that they all occur at nearly the same horizon, that is, just 


ertain 
above 


the massive basal quartzites, at the horizon where the shales and 


dolomites first begin to appear in the series. 


Above the ores at all the mines there is a similar succession 


of interbedded sandstones, shales and more or less dolomitic 
beds, overlain by the dolomites and dolomitic shales of the 
Roan. 

Although it is true that all the known ore bodies of comn 


sandy 
upper 


1ercial 


value in the Rhodesian district are found at practically the same 


horizon, copper mineralization has been found at other ho 


rizons 


in the Série des Mines, and also in the overlying Kundelungu. 


The Série des Mines beds have been traced continuously 
Mufulira to Bwana M’Kubwa, and at the Lufua prospe 
kilometers southeast of Mufulira, copper has been founc 
horizon considerably above that which contains the ore 
at Mufulira and Bwana M’Kubwa. 
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CE, 335 


1 in a 
bodies 


One of the columns in Fig. 5 shows the position of this min- 


eralization. The lower Roan succession at this place i 
exposed and is practically the same as at Mufulira. The 
part of the upper Roan does not outcrop, but exposures 


s well 
lower 
of the 


M’Washia and Kundelungu beds are found above the unexposed 
portion of the series. At a horizon just below the M’Washia a 


considerable amount of malachite float was found in a 
swamp. This led to the digging of trenches and the sink 
several boreholes, which exposed copper mineralization 

dolomites lying just below the M’Washia, that is, in the 
part of the upper Roan. 
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The structure at this place is fairly simple, and it was an easy 
matter to determine the sequence of the beds and their relative 
position in the column. The mineralization here is almost ex- 


actly similar to that found in the mines of the Katanga. The 
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drillholes ** exposed more or less massive fine-grained dolomite, 
carrying low-grade chalcopyrite mineralization. Near the sur- 
face some of this chalcopyrite is altered to chalcocite, but most 





SECTIONS THROUGH THE SERIE DES MINES SHOWING 
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of the copper is in the form of malachite, and the values have 
been considerably enriched. The small amount of ore found is 
present as a very superficial concentration of oxidized copper con- 


26 Examination of these cores was made possible through the courtesy of the 
Bwana M’Kubwa Copper Mining Co., Lid. 
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tained in the very much altered silicified dolomite. This is the 
only prospect in the Rhodesian part of the copper belt which not 
only closely resembles the Katanga deposits in type, but is also 
found to lie in the same horizon which contains the mines of the 
Congo. 

In the same Fig. 5, for the purpose of comparison, has been 
shown the stratigraphic column of the beds lying just north of 
Mufulira along the Rhodesian-Congo border. On the eastern 
limb of the Mufulira syncline copper-bearing outcrops have been 
traced for over 30 kilometers. The copper is found in the same 
horizon as that which contains the Mufulira ore body, whereas 
the upper Roan and lower part of the M’Washia beds are not 
exposed along this strike. The upper M’Washia and basal beds 
of the Kundelungu are found at a number of places. The strati- 
graphic sequence here is found to be almost exactly similar to that 
at the Lufua prospect. 

Sections from these two places show, better than any other 
illustrations that can be found in the area, the relative strati- 
graphic positions of the principal ore bodies of Rhodesia, illus- 
trated by the Rhodesian-Congo Border section, and of the 
Katanga deposits, illustrated by the Lufua prospect section. 

As yet of no importance economically, but a matter of con- 
siderable interest, is the fact that low-grade chalcopyrite min- 
eralization has been found in the Mufulira basin in the Kakontwe 
limestone, lying just above the basal conglomerate of the Kunde- 
lungu. Where this mineralization occurs the rock is considerably 
fractured and brecciated by bedding faults, presumably caused by 
the intense folding. 


Stratigraphic Position of the Katanga Ores. 


The ore-bearing dolomites of the Série des Mines lying con- 
formably just below the M’Washia beds have been divided by 
Schuiling into the following members: 


Upper’ (Dolomite ..< s.6s055.54 50-200 meters 
Dolomitic Schist .......... 30- 80 “ 
Cellular Quartzite ......... I0- 20 “ 
Banded Cherty Quartzite ... 4-10 ‘“ 


Talcose Dolomite ........+0. 10-200 “ with maximum thickness unknown. 
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In the vicinity of Musonoi, Gutzeit ** finds that the upper dolo- 
mite is replaced by: (a) Silicified quartzite; (b) sericitic sand- 
stone; (c) banded shales; (d) a thin bed of banded quartzite; 
(e) shales. The last two members are in many cases missing. 

The succession at Musonoi is therefore more nearly similar to 
that in Rhodesia than Schuiling’s succession worked out in the 
vicinity of Panda and Elisabethville. The upper part of the upper 
Roan in Rhodesia is in places sandy. The talcose sandstone in 
this horizon at Mufulira Mine is exactly similar to that exposed in 
the pits at Musonoi. 

The principal ore bodies of the Katanga are found in these 
dolomites of the Série des Mines. It is to be noted that the names 
of these members have been derived from the appearance of the 
rocks at the surface, where they are often leached and silicified, 
resembling slightly, if at all, the dolomites from which they have 
been derived, which appear only in the boreholes. 

At Chituru Mine, near Likasi, the ore-bearing dolomite is im- 
mediately overlain conformably by the chert and oolite beds of the 
M’Washia, and this is followed by the M’Washia beds and the 
overlying basal conglomerate of the Kundelungu. The beds 
underlying the ore-bearing dolomite are not exposed, but the posi- 
tion of this dolomite just beneath the M’Washia is clear. This 
occurrence is almost exactly similar in position to the much 
smaller deposit at Lufua prospect, except that the mineralization, 
in part, extends up into the M’Washia. 

The ore-bearing dolomites of the Katanga lying just below the 
M’Washia group correspond therefore to the dolomites of the 
upper Roan. It is this horizon which contains the ore deposits 
of Etoile du Congo, Ruashi, Lukuni, Luishia, Likasi, Kambove 
and Musonoi. 


Comparison of Rhodesian and Katanga Deposits. 


With one notable exception, the copper deposits of the Katanga 
are oxidized ore bodies lying very close to the surface. Malachite 
is the principal ore mineral, although, particularly at depth, sul- 


27 G. Gutzeit, personal communication. 
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phides are found at many of the mines. The principal ore bodies 
of Rhodesia, on the other hand, are sulphide deposits that extend 
to considerable depths below the surface. Bwana M’Kubwa is an 
exception to this, but at Bwana M’Kubwa the beds are much more 
dolomitic than is usual in the Rhodesian district. 

The reason for this difference is evident. In both cases the 
ores have been derived from primary deposits consisting prin- 
cipally of disseminated chalcopyrite, accompanied by more or less 
bornite. Where this primary deposition took place in dolomitic 
rocks supergene enrichment has concentrated the copper from the 
eroded part of the beds at or near the surface in the form of car- 
bonate minerals. Where the primary copper was contained in 
the less dolomitic and more porous beds of the lower Roan the 
same supergene processes have resulted in a sulphide concentra- 
tion lying well below the present water table. The original copper- 
bearing rock near the surface has been in most cases thoroughly 
decomposed and leached. This is the principal reason why the 
Katanga copper deposits were developed so long before the Rho- 
desian deposits were discovered. 

The reasons why the original copper deposition took place in 
the lower Roan in part of the belt, and in the dolomites of the 
upper Roan in another part, are imperfectly understood. From 
an inspection of the accompanying map and sections, however, 
certain facts are evident. Where contained in the lower Roan, 
the copper mineralization always occurs in or just below the lower 
impervious beds of the Série des Mines. One thing is evident 
from an examination of these deposits, and that is, the mineral- 
izing solutions penetrated through the porous or fractured beds 
until their course was dammed by beds they could not penetrate 
Thereafter their course was controlled by the beds through which 
they were able to circulate, and in which they deposited their 
copper. 

At other places, probably because of greater fracturing of the 
rock, the solutions were able to penetrate higher into the series 
and deposit their copper content in the overlying dolomites, which 
are evidently very favorable host rocks. It will be seen from an 
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examination of the map that the principal mines in the Katanga 
lie in a zone of over-thrust faulting that follows a closely folded 
anticline of the Série des Mines. In the neighborhood of this 
thrusting there are a number of transverse faults and at several 
places these latter have been found to contain sulphide mineraliza- 
tion. 

The quartzites and schists of the Muva system have been de- 
formed by later folding that involved the Série des Mines, prin- 
cipally by fracturing. At many places the joints in these rocks 
contain small veins of quartz and chalcopyrite, and copper-bearing 
pegmatites. This has been found to be the case at Mufulira and 
the Roan Antelope mines. These rocks evidently furnished the 
mineralizing solutions with comparatively free channels from 
their deep-seated source, and coming in contact with the beds of 
the Série des Mines, they continued to penetrate upward unti! 
they found their path blocked by impervious beds. Where the 
strata are comparatively little fractured this took place in the 
lower part of the series, whereas in areas of considerable faulting 
it took place only when they had penetrated to the horizon of the 
dolomite and dolomitic shales. 


CONCLUSIONS. 


1. The principal copper deposits of the Katanga and Rhodesia 
occur in the lower series of the System of the Katanga, known 
locally as the Bwana M’Kubwa series, Roan series, Série des 
Mines, Group schisto-dolomitique-cherteux and Série Metamor- 
phique. 

2. For the purpose of simplication, and in view of the fact 
that these rocks were first studied in the Katanga, where the ore- 
bearing beds were called the Série des Mines, this name has been 
adopted and applied by the writer to these rocks over the entire 
copper belt. 

3. The sulphide ore bodies of Rhodesia are found near the 
base of the Série des Mines. They lie stratigraphically below the 
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oxidized ores of the Katanga, which are found in the dolomites 
of the upper Roan group, and to a lesser extent, in the M’Washia. 

4. No evidence of unconformity has been found between the 
Série des Mines and the Kundelungu series, and it is considered 
that these beds should be grouped together under the name of 
Katanga System, as proposed by Van Doorninck. 

RHODESIAN SELECTION TRUST, 

N’Doia, NoRTHERN RHODESIA. 
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THE ORIGIN OF THE TALC AND SOAPSTONE 
DEPOSITS OF VIRGINIA. 


J. D. BURFOOT, JR. 


THE talc, steatite, and soapstone of Virginia all occur in the area 
of crystalline rocks, bounded on the southeast by the Coastal 
Plain and on the northwest by the Valley and Ridge Province. 
This area is divided into the Piedmont Province on the southeast 
and the Blue Ridge Province on the northwest. The latter has 
recently been defined by Jonas? as including the entire Catoctin- 
Blue Ridge Anticlinorium, instead of merely the Blue Ridge 
Mountains proper. She finds the rocks of the two provinces of 
sufficiently different character to be classified and described 
separately. The following table represents her classification.* 
The only one of these rock types which will be referred to in any 
detail is that with which the talc and soapstone is associated ; that 
is, the metagabbro-metaperidotite group of basic intrusives. 


BLvuE RinGE PROVINCE PIEDMONT PROVINCE 
Triassic SEDIMENTARY AND IGNEOUS Rocks 


ORDOVICIAN SEDIMENTARY RocKs 


Everona Limestone, Arvonia 
Slate, Quantico Slate 


CAMBRIAN SEDIMENTARY Rocks 


Loudoun Formation 


PRECAMBRIAN INTRUSIVE Rocks 


Felsite dikes Granite 
Hypersthene Granodiorite Columbia Granite 
Albitite Cartersville Granite 


1 Published by permission of the Virginia Geological Survey. Presented before 
the Society of Economic Geologists, Charlottesville meeting, April 24, 1930. The 
author has made a detailed study of the talc and soapstone deposits of Virginia, 
which will be published as a bulletin of the Virginia Geological Survey. 

2Jonas, A. I., “Geologic Reconnaissance in the Piedmont of Virginia,” Bull. 
Geol. Soc. Amer., vol. 38, pp. 837-846; Dec., 1927. 

8 Geologic map of Virginia, Virginia Geol. Survey, 1928. 
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Marshall Granite Red Oak Granite 
Lovingston Granite Gneiss Leatherwood Granite 
Quartz Diorite 
Metagabbro-metaperidotite Metagabbro-metaperidotite 
group group 


PRECAMBRIAN EXtTRUSIVE Rocks 
Catoctin Greenstone Greenstone volcanics 
Aporhyolite Aporhyolite 
PRECAMBRIAN METASEDIMENTARY ROCKS 


Glenarm Series: 
Peters Creek Formation 
Lynchburg Gneiss Wissahickon Schist 
White Marble Cockeysville Marble 
Baltimore Gneiss 


GEOGRAPHIC DISTRIBUTION. 


Talc is a mineral of wide distribution. It occurs in small quan- 
tities in many areas of metamorphic rocks and in some areas of 
igneous ones, but it is rarely found in quantities large enough to 
work. On the accompanying map (Fig. 1) the broken lines out- 
line the area of crystalline rocks in which the soapstone occurs. 
The heavy lines on the map represent the so-called Albemarle- 
Nelson county belt, which extends from Madison county to 
Grayson county, a distance of more than 200 miles. The most 
important deposits of this belt are located, as its name implies,- in 
Albermarle and Nelson counties. In fact, this part of the belt is 
said to produce more soapstone than any other locality in the 
world. The belt, as a whole, is made up of a series of metamor- 
phosed, ultra-basic, igneous rocks, in which occur unevenly dis- 
tributed lenses and irregular bodies of soapstone. The scattered 
circles represent known local deposits, many of which are being 
or have been worked. The Fairfax county area ranks second in 
production in the State, with Franklin county, because of the 
deposit at Henry, third. Other deposits than those shown on this 
map will undoubtedly be discovered from time to time. 
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VARIETIES OF TALC FOUND IN VIRGINIA. 


Of the many varieties of talc described in the literature, only 
three have been found in Virginia, viz: (1) Foliated tale (or 
talc) ; (2) steatite; (3) soapstone. 

Foliated Talc.-—This occurs in veins, from a fraction of an inch 
to six inches in width, which cut the massive varieties of talc and 
serpentine. Along with the talc, whose foliz usually stand at 
right angles to the walls of the veins, may be found carbonate, 
magnetite, pyrite, and other minerals. The talc may be apple- 
green, other shades of green, white, or yellowish. These veins 
are usually present in massive tale deposits, but are of no com- 
mercial importance. 

Steatite. 
sections of Virginia. In its purest form, it is a fine-grained, 
massive, compact, firm rock of light gray color with a greenish 
or bluish cast. Under the microscope (Fig. 2), the best grade 
appears as an interwoven, fine-grained mass of tale flakes of 
random orientation, with one per cent. or so of chlorite and a few 
grains of magnetite. With a decrease in the quality of the stone, 
there is an increase in the percentage of chlorite and of magnetite 
with carbonate, pyrite, tremolite, serpentine, specularite, titanite, 
and other minerals appearing in varying quantities. A rough 
schistosity may also be developed. 

Soapstone.—Soapstone is commercially the most important and 
the most widely distributed variety of talc in the State. In com- 





Steatite occurs, associated with serpentine, in many 














TABLE 1, 
I 2 3 

MNCS pie lars oid whe aoovete. nfartnlase ne Myton ee aia 40-85 30 0-5 
RPRBRLDERORS sh oa va 52 Toe aioe is ORE SS ae OS 5-45 20 40-50 
el ct a a RG I Ree ee ett rors, 1 ak o-few 25 te) 
PARTIE oo. (5:05 5 wt Sona eS IS bigs o-few 15 40-49 
RSUMEMIEDE:. 5 oo. o5 oy a sale gee ei Slee ere wees 5-25 5 0-7 
DEORE. ahansib wis :esteienets wt es ee te eN I-5 4 0-2 
PERU ii s-Os cv SRR a SSA eas dae eM Ke Nae o-2 I o-1 














1. Soft stone (determined from several specimens). 
2. Tough stone (one specimen). 


. Hard stone (several specimens). 
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position and texture it occupies a position between steatite on one 
hand and serpentine or metapyroxenite on the other. Mega- 
scopically, it is a medium to fine-grained, bluish gray, greenish 
gray, or grayish green rock showing varying degrees of schistosity 
and facility for sawing. Table I. shows the percentage in min- 
eral composition of several grades of soapstone as determined 
from thin sections. 

Note that the soft stone contains a large percentage of talc, 
with considerable chlorite and little or no tremolite or serpentine. 
On the other hand, the hard stone shows high percentages of 
amphibole and chlorite with correspondingly low percentages of 
talc and other minerals; whereas the tough stone carries a large 
proportion of serpentine along with talc, chlorite, and amphibole. 
The tough and hard varieties of stone are worked somewhat in 
the nature of by-products. The composition of the stone selected 
for use varies considerably from place to place and from time to 
time in the same locality. The compositions given will, however, 
apply to the majority of cases. 

Figs. 3, 4, and 5 show three photomicrographs of commercial 
soapstone. This stone in the hand specimen, and for manufac- 
turing purposes, shows a grain, or schistosity. These photomi- 
crographs show, however, that the tale and chlorite have, in gen- 
eral, a random orientation. Fig. 5 shows a rock, which, in the 
hand specimen, is very schistose. Note that the tale and chlorite 
have a general random orientation, but that there are zones 
through the slide in which these minerals have a parallel orienta- 
tion. The highest percentage of this schistose material found in 
any one slide, even in the most cleavable stone, was about thirty- 
five per cent., the remainder of the rock having a random arrange- 
ment. 

SOAPSTONE AND ASSOCIATED ROCKS. 


General Statement—The rocks included under this heading 
consist of metagabbros, metapyroxenites, metaperidotites, ser- 
pentine, soapstone, and steatite. Perfect gradations exist between 
the first three of these rocks, and they are undoubtedly differentia- 
tion products of the same magma. The last three are special 
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developments of the first three; therefore, the two divisions will 
be discussed separately. 

The rocks of this group, as a whole, occur rather well dis- 
tributed over both the Blue Ridge and the Piedmont Provinces as 
much squeezed dikes, stocks, and plugs with a general northeast- 
southwest strike. They intrude the pre-Cambrian metasediments 
of the region as well as the extrusives ; but they are thought * to be 
older than the other intrusives, since they are intruded by some of 
them. They are, therefore, probably middle or early Upper 
Algonkian in age. 

In one locality observed by the author, however, a dike of meta- 
pyroxenite seems to be cutting the Loudoun. This would suggest 
the possibility of their being post-Lower Cambrian in age. 

Metagabbro-Metapyroxenite Grouwp.—Megascopically, the met- 
agabbro is a coarse to fine-grained, sometimes porphyritic, holo- 
crystalline, massive or somewhat schistose rock of mottled or 
speckled appearance, and green or gray color. The color and ap- 
pearance are caused by a mixture of the light and dark constituents 
of the rock. The prominent light-colored constituents are quartz 
and saussuritized feldspar; the dark colored one, amphibole. The 
saussurite may vary from white to green in color, depending on 
the relative amounts of feldspar and epidote present. The am- 
phibole may be a black, lustrous hornblende, a green hornblende, 
or a grayish green or greenish gray actinolite or other amphibole. 

The metapyroxenite is merely a feldspar-poor phase of the 
metagabbro. Like the latter, it is a fine to coarse-grained, holo- 
crystalline, massive or schistose rock. It is dark to light grayish 
green in color, depending on the amphibole present, the latter 
giving it a somewhat massively fibrous or splintery texture. The 
light grayish green variety of this rock seems to predominate and 
is the one that laymen, and even soapstone quarrymen, often mis- 
take for soapstone. 

In thin section, these rocks are seen to contain the following 
minerals, whose paragenesis, beginning with the oldest, is: Am- 
phibole; albite, albite-oligoclase, epidote, and clinozoisite ; ilmenite; 


4 Jonas, Anna L., op. cit. 
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. 


Fic. 2. Photomicrograph of best grade steatite. -nicols. XX 30. 

Fic. 3. Photomicrograph of commercial-grade soft soapstone. Quar- 
ries of Virginia Alberene Corporation, Schuyler, Va. >-nicols. X 30. 

Fic. 4. Photomicrograph of commercial-grade soft soapstone. Quar- 
ries of Virginia Alberene Corporation, Schuyler, Va. -nicols. X 30. 

Fic. 5. Photomicrograph of commercial-grade soft schistose soapstone. 
Quarries of Virginia Alberene Corporation, Schuyler, Va. >-nicols. 
X 30. 


Talc, t; magnetite, m; chlorite, c; carbonate, ca. 
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titanite; chlorite; talc and magnetite; quartz. All these minerals 
are not present in every rock, and those that are found vary in 
amount from place to place even in the same slide. It is not to 
be understood that this paragenesis is absolute and inflexible, for 
the stages undoubtedly overlap and may even be reversed in certain 
instances. Also, one mineral may at times occur in more than 
one stage. This order is to be looked upon as the usual para- 
genesis, whose more important steps are inflexible. 

The amphibole of these rocks is of two varieties,—a horn- 
blende with a strong green and yellowish pleochroism and ex- 
tinction angles of from 16° to 20°, and a light green to colorless 
amphibole with more elongated crystals and having extinction 
angles up to 23°. The hornblende occurs both as phenocrysts up 
to nearly one fourth of an inch in diameter and as crystals mak- 
ing up the general mass of the rock, which themselves, in the 
coarsest types, may reach up to one quarter of an inch across. 
The amphibole occurs intergrown with the other constituents of 
the rock, but, in the coarser metapyroxenites, may approach one 
fourth of an inch in diameter. The crystals usually show the 
characteristic splintery cleavage, and have a grayish green color 
in the hand specimen. The amphiboles are the oldest minerals 
now found in these rocks, and they are replaced by all the suc- 
ceeding minerals. Their orientation is random, and they are 
sometimes splintered by crushing. 

The albite, albite-oligoclase, epidote, and clinozoisite were all 
probably formed by the same process; that is, by the breaking 
down of a plagioclase feldspar. An original labradorite, for in- 
stance, probably broke down to form albite or albite-oligoclase 
on one hand and clinozoisite or epidote on the other. 

The plagioclase occurs as well-defined crystals showing the 
albite twinning. The indices of this feldspar are equal to or 
below that of Canada balsam with one index sometimes above, and 
the maximum angles in the zone normal to (o10) from fifteen 
to eighteen degrees. The optical sign where determined is posi- 
tive. The epidote and clinozoisite are typical in these sections, 
showing their characteristic high index, rough shagreen surface, 
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globular or irregular form, the epidote its high interference colors, 
and the clinozoisite its abnormal Berlin blue interference tints. 
The characteristic change in iron content from grain to grain or 
even from place to place in the same grain, as shown by the varia- 
tion in the strength of the interference colors, is well illustrated. 
Typical pleochroism is shown by the epidote. The epidote and 
clinozoisite occur as irregular-shaped grains scattered through 
the plagioclase, evidently remaining there from the alteration. 
They also occur as beautiful replacement forms in the amphiboles, 
evidently having been transported from their places of formation 
to these points (Fig. 6). This transportation of the epidote 
seems to indicate that some outside hot waters were active in its 
formation; for straight dynamic or static metamorphism does 
not, according to many authors, permit of such transportation. 
There may be considerable feldspar in the rock with little epidote 
and clinozoisite, and commonly there is much epidote and clino- 
zoisite present with little or no feldspar. This also indicates 
transportation. 

The ilmenite occurs as non-magnetic, irregular-shaped masses 
of characteristic color and opaqueness. It replaces the amphibole 
and may be either original ilmenite in the igneous rock which was 
collected by hot solutions and re-deposited, or ilmenite brought 
in by these solutions. 

The titanite occurs as characteristic bisphenoids, as irregular 
grains, and as reaction rims around ilmenite grains (Fig. 7). 
It displays its usual high index and birefringence and its char- 
acteristic brownish pleochroism. It is seen to replace the ilmenite, 
the epidotes (Fig. 6), and the amphiboles. This sphene was 
probably formed by the reaction of hot solutions, carrying lime 
and silica, on the pre-existing ilmenite. The lime and silica may 
have been derived in part from the breaking down of the original 
feldspars; for, as shown above, both of the resulting products, the 
acid plagioclases and the epidotes, were transported in solution. 

The chlorite occurs as colorless to light green, and then some- 
what pleochroic, fine-grained, felted, irregular to botryoidal- 
shaped masses. It is seen as beautiful replacement forms with 
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scalloped borders replacing the amphiboles (Fig. 8), in which 
process it commonly isolates and molds itself around epidote and 
titanite which have themselves previously replaced the amphiboles. 

The little tale which is present in these rocks is seen as char- 
acteristic colorless flakes with parallel extinction, high interference 
colors, and basal cleavage. It has been observed replacing the 
chlorite and the amphiboles. It occurs in aggregates and in 
single, scattered flakes. Some of the single flakes are compara- 
tively large and are to be seen with a random orientation replacing 
amphibole. The size of these flakes, the perfection of their form, 
and their replacement of the amphibole without apparent regard 
for the amphibole structure seems to indicate a hot water origin. 

Very little magnetite is present, but that noted has the char- 
acteristic magnetism and blue gray color in reflected light. It 
occurs as irregular-shaped masses replacing most of the other 
minerals. It may have been either brought in by the solutions 
or liberated to these solutions during the alteration of some pre- 
existing iron-bearing minerals and deposited later. 

Quartz is present as clear, interlocking grains filling the cavities 
between the other minerals and replacing them. It commonly 
contains a few lines of small, fluidal inclusions and projections 
and fragments of the other minerals. Some of it may have been 
brought in by solutions, but some undoubtedly was added to these 
solutions by the chemical reactions going on in the rock. It is, 
therefore, thought to be secondary. 





Fics. 6-10. 

Fic. 6. Photomicrograph of metagabbro, showing epidote replacing 
hornblende with titanite replacing both of the former. 30. 

Fic. 7. Photomicrograph showing reaction rims of titanite around 
ilmenite in a mass of hornblende. Ordinary illumination. 30. 

Fic. 8. Photomicrograph showing chlorite replacing hornblende with 
a few isolated epidote grains. >-nicols. XX 30. 

Fic. 9. Photomicrograph of talcose serpentine rock showing talc re- 
placing serpentine under control of old olivine cracks. Tale also replaces 
chlorite. X<-nicols. XX 30. 

Fic. 10. Photomicrograph of serpentine rock showing serpentine re- 
taining old pyroxene forms and hornblende cleavage. >-nicols. X 30. 

Amphibole, a; epidote, e; carbonate, ca; chlorite, c; hornblende, /h; 
ilmenite, i]; magnetite, m; serpentine, s; talc, ¢; titanite, ¢i; tremolite, fr. 
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Origin of the Metagabbro-Metapyroxenite Group—From the 
evidence set forth above and from that which is to follow, it seems 
probable that the original rocks of this group ranged from 
gabbros to pyroxenites, carrying plagioclase feldspar around 
labradorite and pyroxene, probably augite. There were peri- 
dotites and probably even dunites in this series, but these olivine 
rocks had, so far as observed, a somewhat different history; so 
they will be taken up in a different section of this paper. 

The gabbros and pyroxenites are thought to have been acted 
upon by magmatic solutions with the following changes taking 
place: 

1. Pyroxene was changed to green hornblende and to the color- 
less amphibole. 

2. Basic plagioclase feldspar was changed to albite, albite- 
oligoclase, epidote, and clinozoisite, and some of these, in the 
process, were taken into solution and transported, part of the 
epidote and clinozoisite replacing the amphibole on re-deposition. 

3. What original ilmenite there was in the rock was taken into 
solution and possibly added to from the solution source, and then 
re-deposited as replacements of the amphibole and possibly the 
epidote. 

4. Titanite formed as reaction rims around the ilmenite by the 
addition of lime and silica and the extraction of iron. It was also 
taken into solution and re-deposited as replacements of the epidote, 
and the amphibole. 

5. Chlorite replaced the hornblende and colorless amphibole 
and, in the process, frequently isolated and molded itself around 
previously formed replacement.epidote, clinozoisite, and titanite. 

6. Talc in small amounts was formed as replacements of the 
chlorite and the amphibole. 

7. Very little replacement magnetite was deposited. 

8. Quartz was deposited, filling in between the other minerals 
and replacing them. 

This series of reactions is thought to have taken place through 
the agency of hot magmatic solutions, which started at conditions 
of approximate contact-metamorphic intensity and gradually 
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cooled, and, while doing so, promoted these reactions and deposited 
these minerals at the successively cooler temperatures. Evidence 
will be brought out later which indicates that these solutions were 
rejuvenated after the chlorite stage and before the deposition of 
talc. 

Geologic Occurrence of the Soapstone Rocks.—The soapstone 
and steatite occur as lenses or irregular-shaped bodies in or along 
the edges of the metagabbros and metapyroxenites, and show per- 
fect gradations into these rocks. However, the soapstone in 
places, and the steatite always grade first into serpentine which in 
turn grades into the basic meta-igneous rocks. In places the soap- 
stone grades directly into metapyroxenite. 

The lenses lie dimensionally parallel to the igneous bodies, which 
in turn are parallel in dip and strike with the rocks of the region. 
They vary in dimensions from nothing up to the immense bodies 
at Schuyler and Alberene, which are approximately 1200 and 2000 
feet in length, respectively, up to 300 feet in width, and of un- 
known depth. 

Petrography of the Serpentine, Soapstone, and Steatite—The 
higher grade, workable members of this group have already been 
referred to. In this section I shall take up the group as a whole 
and discuss the impure, unworkable members along with the high- 
grade ones. 

Megascopically, the serpentine, or amphibole serpentine, is a 
massive, dense, greenish gray to greenish black rock with oc- 
casional flecks of tale and cleavage fragments of carbonate scat- 
tered through it. It commonly shows signs of having been 
crushed,: and contains veinlets of talc, carbonate, or chrysotile, 
either separate or mixed. 

Under the microscope, the serpentine-soapstone-steatite rocks 
are seen to contain the following minerals, whose paragenesis, be- 
ginning with the oldest, is: Amphibole; biotite; chlorite; serpen- 
tine and magnetite; tremolite; talc, magnetite, carbonate, chryso- 
tile and pyrite ; tremolite ; specularite. 

This is not to be taken as the absolute order of formation of 
these minerals, for these stages may overlap one another con- 
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siderably or even, in rare cases, be reversed. Furthermore, most 
specimens will not show all these stages, and any assortment of 
these minerals varies considerably in percentages from place to 
place. This order is to be taken as the general paragenesis which 
will hold in the great majority of cases. 

The amphibole occurring in these rocks is a colorless to grayish 
green or greenish gray, splintery mineral with the usual amphibole 
cleavage, cross fractures, index, birefringence, and an extinction 
angle of 23°. This mineral is thought to be the oldest mineral 
occurring in these rocks and to be formed from a pre-existing 
pyroxene. 

Biotite is not particularly common in these rocks. It occurs as 
strong yellowish brown cleavage masses with decided pleochroism 
and the usual birefringence, index, and bird’s-eye-maple structure, 
filling interstices between amphibole and replacing it. It has all 
the aspects of a mineral deposited by hot water. The replacement 
material occurs as smears and colorations throughout the amphi- 
bole. It has none of the aspects of residual biotite from an 
original igneous rock. 

The chlorite occurs in these rocks in two forms; viz.: (@) in 
comparatively large sized, colorless to faint green, usually crinkled 
pieces with low index, grayish green interference colors, and 
basal cleavage (Fig. 3); and (0) as fine-grained, felted masses 
of irregular outline with about the same optical properties as the 
larger pieces, except that the interference colors range from black 
to grayish green (Figs. 4 and 8). The chlorite in large pieces 
is clearly replaced by serpentine, magnetite, talc, carbonate, and 
pyrite. It is thought to be the oldest mineral in the metadunite 
(or metaperidotite) in which it occurs, and judging from its 
occurrence, to be derived from original biotite in this rock. The 
fine-grained chlorite occurs in the metaperidotites and meta- 
pyroxenites as interstitial material between serpentine aggregates 
which will be described in the following paragraph (Fig. 10). 
It is seen replacing the amphibole and to be replaced by serpentine 
and talc. It is very close in time to the following serpentine 


stage, and undoubtedly overlaps it considerably. In this respect 
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it is different from the flake chlorite. It is probably formed from 
the amphibole, especially from the more aluminous varieties. 

Serpentine is seen in these rocks as tiny stringers and flaky, 
felted, colorless to faint green aggregates of rounded, irregular, 
or polygonal form, low index, and distinct grayish to whitish blue 
interference colors. 

In the serpentine rocks derived from metadunites, the serpentine 
occurs as rounded to polygonal-shaped aggregates with the flakes 
arranged in a roughly radial fashion (Fig. 9). The old olivine 
cracks are filled with separated magnetite, fine-grained serpentine, 
and tale. Extending from either side of these cracks, flanking 
them, and arranged peripherally around the serpentine aggregates 
and sending tongues radially into them and replacing them are 
rings of tale. This is an excellent example of replacement with 
the replacing mineral showing definite relation to the feeding 
cracks. In these rocks, the serpentine is seen to replace the 
chlorite and to be replaced by talc and some of the other minerals 
of the tale stage. As indicated, it is thought to be derived from 
the serpentinization of olivine. 

In the serpentine rocks derived from metapyroxenites, the ser- 
pentine occurs as rounded to polygonal-shaped aggregates with the 
flakes and stringers crossing one another at angles varying from 
the amphibole cleavage angles to ninety degrees or zero (Fig. 10). 
The external shapes of these aggregates closely resemble old py- 
roxene forms. In some cases, the eight-sided pyroxene crystal 
form is preserved. Through these forms extend the stringers and 
flakes of serpentine, arranged symmetrically in reference to the 
external shape. Peripherally around them are needles of tremo- 
lite replacing the serpentine, with later tale replacing both the 
tremolite and serpentine. Carbonates, magnetite, and pyrite also 
replace the serpentine and tremolite. The serpentine itself re- 
places the chlorite and amphibole. These serpentine forms are 
thought to be old pyroxene shapes with the uralite cleavage pre- 
served by the serpentine structure. 

The tremolite described above occurs in small, colorless needles 
or prisms of typical index, birefringence, and extinction angle. 
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The talc of the serpentine rocks has been described above as 
occurring in individual flakes and as series of flakes forming rings 
around the periphery of the serpentine masses. In the rocks free 
from serpentine, those talc-bearing rocks in which the serpentine 
stage is missing, the tale occurs as small, individual flakes and as 
fine-grained, felted areas between amphibole crystals and replac- 
ing them. In all cases, the talc is a colorless mineral with good 
basal cleavage, low index, high birefringence, parallel extinction, 
and bird’s-eye-maple structure. It replaces the tremolite, the 
serpentine, the chlorite, and the amphibole. The relatively talc- 
poor rocks described here gradually increase in their proportion of 
talc by replacement until high-grade, workable soapstone and 
steatite are reached. 

Accompanying or closely following the tale are magnetite, 
pyrite, carbonate, and chrysotile. The magnetite occurs as grains 
and irregular-shaped masses both released during the process of 
talc formation and collected by the tale-forming solutions from the 
disseminated material released during serpentine formation, and 
re-deposited. The carbonate has the same occurrence and prob- 
ably the same origin. These minerals, along with chrysotile, are 
also deposited in veinlets cutting the main mass of rock. 

A third generation of amphibole in the form of secondary 
growth tremolite occurs in some of the amphibole-talc rocks as 
long, slender, needle-like spines growing on the ends of tremolite 
crystals parallel to the “C” axis. The primary growth amphi- 
bole is replaced by the talc, showing corroded sides and ends, but 
the second-growth tremolite occurs as fine, acicular, clear needles 
replacing the tale. This later tremolite seems to be out of place; 
but, since it has been observed from only one locality, it probably 
was formed by the breaking away of some barrier or obstruction 
to the feeding solutions and thus allowing a rejuvenation of con- 
ditions. 

Specularite occurs in some of these rocks as grains, irregular- 
shaped bodies, and stringers between leaves of chlorite and talc. 
In transmitted light, it is blood red on the thin edges; in reflected 
light, it is steel gray to black. It is probably the youngest mineral 
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of the series, for it is seen replacing talc, serpentine, chlorite, 
biotite, and amphibole. 

Origin of the Serpentine, Soapstone, and Steatite——It is prob- 
able that the original rocks of this group were pyroxenites, peri- 
dotites, and dunites, representing separate bodies or segregations 
in larger bodies. These rocks were acted upon by hot waters 
with the following changes taking place: 

1. The pyroxene was uralitized to amphibole, in some cases 
preserving the external form of the pyroxene but taking on the 
internal structure of the amphibole. 

2. Biotite was introduced in a few localities as replacements 
of the amphibole and as fillings of any existing cavities. This 
stage probably overlapped the uralite stage to some extent. 

3. Chlorite replaced the biotite of the dunites. In the peri- 
dotites and pyroxenites, it replaced the biotite and some of the 
amphibole. It possibly preferred the interstitial, aluminous am- 
phibole to the then pyroxene-shaped bodies. 

4. Olivine was altered to serpentine with the separation of 
magnetite along the cracks of the olivine. The uralite bodies 
were also serpentinized with the cleavage of the amphibole and 
the external form of the pyroxene preserved. The interstitial 
chlorite was affected but slightly, probably because of the greater 
similarity in composition and conditions of formation of serpen- 
tine and chlorite. Some magnetite was undoubtedly released dur- 
ing this latter process, and carbonate was probably released during 
the serpentinization of both the olivine and the uralite. 

5. This stage represents the rejuvenation of the solutions,—the 
water became hotter and the conditions in general more intense. 
With this change, tremolite was developed around the edges of the 
now serpentinized uralite bodies, replacing the serpentine and to 
some extent the chlorite. 

6. With the cooling of the solutions, talc, magnetite, carbonate, 
and pyrite were developed. In the rocks which previously bore 
olivine, the solutions worked in along the old olivine cracks and 
spread out from them laterally, replacing the serpentine. In the 
old pyroxene-bearing rocks, tale replaced tremolite, serpentine, 
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chlorite, and uralite in the form of flakes. Along with this de- 
velopment of talc, magnetite, carbonate, and pyrite were formed. 
The magnetite and carbonate were probably released, to some ex- 
tent, by the talc-forming reactions, but they were also collected 
from that already formed, and re-deposited. Pyrite was probably 
introduced from the outside. The rock seems to have been frac- 
tured slightly during this stage, and talc, chrysotile, and the other 
minerals were deposited in the cracks in the form of veinlets, the 
chrysotile fibers standing at right angles to the walls of the frac- 
tures. 

7. In one locality is a secondary growth of tremolite with 
slightly later specularite. It is thought that here the feeding solu- 
tions died out or were choked off. Then the source was rejuve- 
nated or some barrier in the path of the solutions was removed, the 
solutions were again given free access to the rock, and these 
minerals were formed. 

It is not to be understood that all these steps are shown in any 
one rock or in any one locality; in fact, no locality shows all of 
them, and some show only a few of them. 

Definite evidence as to whether or not talc in some cases re- 
places the country schist is lacking. Several occurrences were 
seen in which tale apparently grades into the schist in a manner 
similar to replacement, but the outcrops are so badly weathered 
that accurate megascopic or microscopic evidence was unobtain- 
able. 

The stages that have brought these rocks to their present state 
seem to correlate quite well with the stages of the metagabbro- 
metapyroxenite development. As has been indicated, there were 
either two invasions of solutions or a decided rejuvenation of the 
already invading solutions. The first invasion, which was very 
widespread and affected both divisions of the rocks, started with 
the formation of amphibole and deposited, during cooling, the 
succession of minerals through chlorite and serpentine. The 
second, which was quite local and affected only the talc-bearing 
rocks, began with the formation of tremolite and continued as it 
cooled through the tale or specularite stages, depending on the 
locality. 
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Hot magmatic® solutions are thought to be responsible for 
these changes for the following reasons: 

1. The minerals present and their occurrence are highly in- 
dicative of hydrothermal solutions. 

2. The order in which these minerals were deposited suggests 
strongly that cooling solutions were responsible. 

3. In rocks formed by dynamic metamorphism (or under con- 
ditions of movement), there would be expected no such random 
orientation of the mineral components as is found in these rocks. 

4. According to many authors, dynamic or static metamorphism 
permits of no such transportation of the mineral constituents from 
place to place as is observed in these rocks. 

5. It is doubtful if meteoric water could reach to the depth 
necessary for the formation of these minerals in sufficient quan- 
tities for such transportation as has occurred. 

6. It is to be expected, when such an insoluble assemblage of 
minerals as this is transported, that the intense conditions of tem- 
perature, pressure, and character of the solutions found in waters 
from a magma would be necessary. 

7. The presence of talc of random orientation in comparatively 
large, yet well-developed cleavage flakes replacing the amphibole 
suggests hot water as its origin. 

8. The presence of the replacement talc, showing dependence 
on cracks, suggests fluidal solutions as being the active agent. 

g. The rejuvenation of conditions, as evidenced by the recur- 
rence of high-temperature minerals, without crushing of the 
previously-formed minerals and with many of the previously- 
formed minerals remaining unchanged, points strongly to a hot 
water origin. 

10. Magmatic waters best explain the geologic occurrence and 
relationships of these rocks. 

These hot waters must have carried carbon dioxide and silica 
throughout the greater part of their active period. During the 


5 This theory is contrary to the one suggested by C. W. Ryan, who holds that 
the schists and intrusives were changed to soapstone through the action of mineral- 
izers derived from the country schists. See Amer. Inst. Min. and Met. Eng., Tech. 
Pub. 160, 1929. 
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formation of titanite, the presence of lime in addition to silica 
was necessary. This may have been derived from the breaking 
down of the calcic plagioclases to form acid plagioclase and epidote 
or clinozoisite. When chlorite and serpentine were formed, the 
solutions became lower in silica and lime, and richer in magnesia 
and carbon dioxide. In the following stage of tale formation, 
lime was still low except in the localities where tremolite was 
formed, and silica and carbon dioxide were high. In the last 
stage of specularite formation, oxygen became higher locally. 

In the reactions that went on in these rocks, carbon dioxide was 
necessary to take care of any extra base, especially bases which 
were not needed in the formation of the mineral being actively 
precipitated. In this role it had, in part, the same function as 
silica would have, for they both tend to increase the silica per- 
centage of the minerals formed, the carbon dioxide having the 
additional function of removing bases not needed. The presence 
of abundant carbonates and some quartz throughout these rocks 
bears testimony to the presence of these two substances. It is 
thought that oxygen was plentiful in the final stage, because specu- 
larite was formed in preference to magnetite. 

In addition to the composition of the active solutions, tempera- 
ture and pressure are necessary to provide the environment suitable 
for the development of any mineral. It is thought that the silica 
and water percentage of a mineral, as well as its breaking down 
or building up, can be changed by the variation of these two 
factors alone. 

There are many igneous rocks in this region of Upper Algon- 
kian age, whose magmas may have been the source of the solutions 
that altered these basic rocks. In fact, it is probable that more 
than one magma furnished these solutions. This would be a 
factor in accounting for the variation in composition of the al- 
tered rocks from place to place. These Upper Algonkian intru- 
sives vary in composition from granites through quartz mon- 
zonites to granodiorites and quartz diorites. If these rocks are 
the sources of the active hydrothermal solutions, then the altera- 
tion of the gabbros and pyroxenites took place during Upper 
Algonkian times. 
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Two other possible sources of the solutions are the magma that 
gave rise to the felsite dikes, and the mother magma of the basic 
rocks themselves. If the soapstone rocks are post-Lower Cam- 
brian in age, one of these latter two magmas must have been the 
source. 

The lens-shaped occurrence of soapstone is undoubtedly con- 
nected with the lens-shaped occurrence of all the igneous rocks 
of the region. These rocks have either been intruded along the 
schistosity of the country rocks, or they have been squeezed into 
their lens-shaped forms. The tale occurs as replacements either 
of whole bodies or of segregations in larger bodies. These segre- 
gations have passed through the same conditions as the larger 
bodies of which they are a part; therefore, they, too, tend to have 
lens shapes. Futhermore, if there are any fracture or cleavage 
lines developed in the rocks, they will, in the main, tend to parallel 
the schistosity of the region and the solutions will work along 
and spread out from them, tending to develop elongated or lens- 
shaped bodies. 

The presence or absence of talc, soapstone, or steatite in this 
region is thought to depend, in part at least, upon: 

1. The occurrence of the correct segregation product,—py- 
roxenites, peridotites, or dunites. 

2. Presence of feeding channels leading to these rocks. 

3. The invasion of the correct type of solutions; that is, solu- 
tions of the correct chemical character with the requisite tempera- 
ture and pressure. 

This study of the origin of tale suggests the following points 
relative to its conditions of formation: 

1. The condition of differential stress is not necessary for the 
formation of tale. None of the tale studied shows over thirty- 
five per cent. of the mineral having parallel arrangement ; whereas, 
the great majority of the sections studied show almost all the talc 
flakes to have random arrangement. 

2. The mineral association and paragenesis seem to indicate 
that talc is formed under deep or intermediate vein zone condi- 
tions. These conditions of talc formation might be expressed in 
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the following manner: X X Y X Z = K, in which, X = tem- 
perature, Y = pressure, Z = composition and character of the 
solution, and K conditions of formation of tale. This means 
that the temperature and the pressure might vary considerably 
with a corresponding change in the composition and concentration 
of the substances in solution and still retain the correct conditions 
for talc formation. Also, K is not a true constant, since it 
may vary within certain limits. 
DEPARTMENT OF GEOLOGY, 
CoRNELL UNIVERSITY, 
ITrHaca, N. Y. 
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THE PLOTTING AND MEASUREMENT OF 
EXAGGERATED CROSS-SECTIONS. 


CHESTER K. WENTWORTH. 


IN connection with plotting and measuring sedimentary 
strata in cross-sections having exaggerated vertical scales 
certain geometrical problems arise for which the writer does 
not recall having seen any published solutions or modes of 
procedure. It is true, of course, that wherever possible the 
same scales should be used for both vertical and horizontal 
distances, but there are some instances, particularly in con- 
nection with the large-scale portrayal of structures at dam 
sites and in connection with other engineering projects, where 
it is impracticable to make the vertical scale as small as the 
horizontal. 

Wherever the vertical scale is exaggerated, it is evident that 
all angles of dip are distorted to appear steeper than their 
true values and must be plotted by the use of percentage grades 
or tangents measured on the two scales, or by the use of an 
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elliptical protractor. It is probably not so generally ap- 
preciated that thicknesses must be shown in accordance with 


the two different scales where the beds are vertical or hori- 
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zontal and with intermediate values for intermediate attitudes. 
Moreover, in the measurement of thickness of oblique strata 
an appropriate intermediate scale must be used and the dis- 
tance determined along a line which is not normal to the 
bedding. (See Fig. 1.) The true position of this line is found 
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by reading the position of the dip angle complementary to the 
true dip off the opposite side of the appropriate elliptical 
protractor. Such a protractor plotted for a vertical exaggera- 
tion of 2: 1 and provided with graded thickness scales is shown 
in Fig. 2. 

It is hardly necessary to demonstrate that exaggeration of 
the vertical scale results in the transformation of figures that 
are circles in true section into ellipses which have vertical 
major axes in the plotted section. It will be apparent to all 
who have considered the strain ellipsoid as used in structural 
problems that in the distortion of angles of dip the angles 
nearer ninety degrees become more closely spaced and that 
angles which are complementary to each other in the ground 
are no longer at right angles to each other but are stretched to 
show somewhat acute angles in the section. 

For any given ratio of exaggeration all the problems in- 
volved may be solved by the construction of an elliptical 
protractor of the type shown. The simplest method of doing 
this is indicated in Fig. 3. A small circle is drawn with a 
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FIG. 3. 


radius of any convenient round number of units in the proposed 
horizontal scale. With the same center a larger circle is 
drawn with a radius of the same number of units in the 
exaggerated vertical scale. To determine the position of any 
distorted angle as well as the corresponding intermediate 


elliptical radius which forms the scale, the true angle BOX is 
ES) 
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laid out with a common protractor. Then draw a horizontal 
line through the point X and a vertical line through the point 
Y, calling the intersection Z. OZ is the position in the exag- 
gerated section of the line OX of the natural section and Z is 
a point on the ellipse which has a major radius OA and a minor 
radius OB, and which, in the section, is the locus of all points 
which, in the ground, are at the distance OB from the center 
O. By plotting a sufficient number of such angles on one 
side, the corresponding one-fourth of the required boundary 
ellipse can be constructed. Intermediate ellipses for scale 
purposes can most readily be constructed by subdividing 
radii into the required number of parts with a proportional 
divider or similar device. The half ellipse can be completed 
by reversing the quarter already constructed and copying it. 
In this way a chart of the sort shown in Fig. 2 is readily 
developed. 

If there be those skeptical of the propriety of measuring 
thicknesses along an apparently oblique line, Fig. 4 will show 








FIG. 4. 
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that this is a necessary consequence of the exaggeration. 
Here two circles with similar oblique stratum bands but of 
different scales have been used in the construction of the cor- 
responding ellipse having a vertical axis equal to the radius of 
the larger circle and a horizontal axis equal to the radius of 
the smaller circle. The reader will see that the normal line 
a’b’ and a’’b” in the circles has become the oblique line ad in 
the ellipse, and that its length is one third of the appropriate 
diameter of the ellipse, as was the case in the undistorted 
circles. 

Once constructed, the elliptical protractor is used as indi- 


_ cated in Fig. 2. Ordinary dip angles as determined in the field 


are read on the protractor and the indicated lines used in 
plotting dips. The position of the line along which thickness 
may be plotted, or measured, as the case may be, is deter- 
mined by reading the numerical value of the dip angle in the 
dip complement scale on the opposite side of the protractor 
from that used for the dip. This is equivalent to using the 
angle complementary to the dip angle and reading it on the 
opposite dip scale. Thicknesses are measured by reference to 
the radius indicated, using the subdivided end near the center 
for estimating fractional parts. The use of such a protractor 
or the essential construction for a given case will obviate many 
of the discrepancies met with if sections are plotted at unequal 
scales without close regard for the consequences of distortion. 
WASHINGTON UNIVERSITY, 
St. Louis, Mo. 








CLAYS OF ‘1HE JACKSON PURCHASE REGION, 
KENTUCKY.* 


JOSEPH K. ROBERTS. 


INTRODUCTION. 


Tue Jackson Purchase region of Kentucky lies between the 
Tennessee and Mississippi rivers, and embraces eight countries. 
The geology of this region ranges from the limestone and chert 
of Mississippian (St. Louis formation) to the Recent surficial 
deposits. The geologic column for the region is as follows: 


CENOZzOIC: 
Quaternary : 
Recent surficial deposits, 
Pleistocene loess and loam. 
Plio-Pleistocene gravel and sand (“ Lafayette”). 
Tertiary: 
Jackson clay and sand (Upper Eocene), 
Grenada clay and sand (Upper Wilcox), 
Holly Spring clay and sand (Middle Wilcox) (Lower Eocene), 
Porters Creek clay (Lower Eocene). 
MEsozoIc: 
Upper Cretaceous: 
Ripley sand and clay, 
Eutaw sand and clay, 
Tuscaloosa gravel. 
PALEOZOIC: 
Mississippian : 
St. Louis formation. 


The clays of the region are quite similar in their properties, 
mode of occurrence, and age relationships to those southward 
in Tennessee, and other regions of the great embayment area. 

It is not known when clay was first used in this region. How- 

1 Read before the Society of Economic Geologists, Charlottesville meeting, April 
26, 1930. By permission of W. R. Tillson, State Geologist of Kentucky. 
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ever, ball clay was discovered in western Tennessee in the year 
1887. There are no available records of shipments of ball clay 
from Kentucky until 1900, though it was used locally in the 
manufacture of pottery nearly half a century ago. The clay is 
shipped generally under three classes, namely ball, sagger, and 
wad, with several varieties of the first. In 1928 Kentucky led 
in the production of ball clay, and practically all of it came from 
the Jackson Purchase region. 

The commercial clays range in age from the Ripley through 
the Wilcox to the Recent. By far the most important clays come 
from beds of Wilcox age, and from the formation commonly 
known as the Holly Springs. 


DESCRIPTION OF THE CLAYS. 

Ripley Clay.—The clay of Ripley age occurs in Calloway, Mar- 
shall, and McCracken counties. It has been used in Calloway 
County for about 50 years in the manufacture of pottery. The 
only pits operating at present are located in Marshall County. 
The clay occurs in lenses in the sand, or interbedded in layers 
along with the sand. The lenses are known to occur as thick as 
8 feet, but the layers do not exceed a foot. To the south, the 
clay is a lighter color, while to the north it is dark, due to organic 
matter. The lighter-colored clays tend to run higher in grit and 
sand, and the darker ones carry appreciable amounts of marcasite 
as concretions. The Ripley clay is sold as wad and sagger clays. 
The Ripley nowhere in Kentucky, so far as known, shows any 
marine fossils as in Tennessee, but yields a few fossil plants. 
It is probably of estuarine origin. 

Porters Creek Clay.—The Porters Creek clay occurs in a 
narrow but broken belt over Calloway, Marshall, and McCracken, 
and a small area in Graves County. It has never been used, al- 
though it aroused interest this past summer as a possible sub- 
stitute for Fullers’ earth. Tests on this clay in Henry County, 
Tennessee, show it to have too high a shrinkage for bricks. It is 
a smooth clay, rather uniform in its properties, and free from 
sand, except in a few layers now and then, and a few sand dikes. 
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It is a light to medium gray color when dry, has a fairly good 
plasticity, and little impurities. In thickness it varies from a few 
feet up to 40 feet. It is of marine origin as indicated by its 
fossils, and is the only Tertiary clay of the entire region of marine 
origin. 

Holly Springs Clay.—This is the most important of all the 
west Kentucky clays. It occurs in Graves and Ballard counties 
in commercial quantities, and in several of the other counties. 
One of the largest clay pits in the embayment region is being 
operated near Mayfield, Graves County, known as Old Pit No. 4. 
The clay shipped from the Holly Springs horizon is classed as 
ball, sagger, and wad. The clay is blended to meet various re- 
quirements of the ceramic industry. 

The clay varies from a white through the various shades of 
gray to black. Organic matter is the chief coloring agent. The 
darker varieties grade into an impure lignite. Iron oxides are 
low generally, though thin layers may occur at intervals in some 
of the pits. All the ball, sagger, and wad clay from this region 
come from five pits in Graves, and one pit in Ballard County. 
The sections in these pits have a number of similarities, but only 
two of the pits furnish fossil flora by which their age is de- 
termined. The thickness of the Holly Springs formation attains 
as much as 50 feet in actual exposures, but the workable lenses 
of clay do not exceed 25 feet, and are commonly much less. The 
origin of the Holly Springs clay is certainly not marine; it is 
most likely due to the filling in of basins left by the withdrawing 
sea, similar in general to the many lakes along the lower course 
of the Mississippi River. Neither the clay or sand contain any 
fossil fauna, except a few beetle elytra and dragon-fly wings. 

Some of the recent analyses of this clay have been furnished by 
the Mandle-Porter Clay Company, and are given in Table I. 

Grenada Clay.—Clays of Grenada age occur in the southwestern 
portion of Graves County, and extend over into Hickman and 
Fulton counties. These clays are quite sandy, and so far have 
not been used. Ries lists analyses for these clays.” Nearly all 


2 Ries, Heinrich, U. S. Geol. Surv. Prof. Paper 11. 
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of the clay observed is a light gray to white, and very little of 
it is lignitic. It contains small crystals of gypsum, though not to 
as great an extent as in Tennessee. It is not over 25 feet in thick- 
ness. It carries very few fossils, and it is identified by its ex- 
tension from Tennessee and on a lithologic basis. 

Jackson Clay—Clay of Jackson age occurs in Hickman and 
Fulton counties along the Mississippi River bluffs beneath the 
Plio-Pleistocene gravel and sand and the loess. The clay is in- 
terbedded with the sand, and contains considerable amounts of 
sand. To the south of Hickman, the clay is indurated, and of a 
light bluish gray color. It has far less plasticity than either of 
the Wilcox clays, and so far it has not been used to any extent. 
The beds attain as much as 40 feet in thickness. It origin is, 
perhaps, similar to that of the Wilcox clays, as suggested by the 
fossil flora. At times this clay is quite lignitic in Tennessee but 
to a far less extent in Kentucky. 

Pleistocene Lass and Recent Clays——The lcess deposits occur 
along the Missisippi River bluffs in all the four counties border- 
ing on this river. The best exposures are in the vicinity of 
Hickman and Columbus. The loess is of a uniform texture, but 
varies somewhat in its plasticity. It may become gritty at times. 
Calcareous concretions are common in all of it, especially near the 
base, and here gravels also occur. The color is a dark gray, and 
weathered portions of it assume a yellowish tone. It has been 
used for brick and tile. The thickness reaches as much as forty 
feet. Its origin is unsettled, some claiming an zolian, others an 
aqueous origin. 
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The Recent surficial clays are widespread over the entire re- 
gion, and are used only for the manufacture of brick. Some of 
them apparently are weathered from the underlying materials, 
others are of fluviatile origin. All of them are red to brown in 
color, and burn to the usual red brick color. 


UNIVERSITY OF VIRGINIA, 
CHARLOTTESVILLE, VIRGINIA. 
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HYDROTHERMAL OXIDATION AND LEACHING 
EXPERIMENTS; THEIR BEARING ON THE 
ORIGIN OF LAKE SUPERIOR HEMATITE-— 

LIMONITE ORES: PART II.* 


JOHN W. GRUNER. 
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THE INDIVIDUAL DISTRICTS. 

The Gogebic District.*°—The Ironwood formation of this dis- 
trict, though not much folded, dips at angles of 50 to 70 degrees 
to the north. It lies on the Palms quartzite conformably and is 
overlain by the thick Tyler slates. These three formations are 
upper Huronian in age. Ferruginous chert and sideritic slaty 
beds make up the bulk of the iron formation. The ores are 
chiefly soft and porous hematite with minor amounts of limonite. 

Hotchkiss ** describes the shape of the ore bodies in the fol- 


* Continued from p. 719. 

30 Irving, R. D., and Van Hise, C. R., “‘ The Penokee Iron-bearing Series of 
Michigan and Wisconsin,” U. S. Geol. Survey Mon. 19, 1892. 

Hotchkiss, W. O., “ Geology of the Gogebic Range and its Relation to Recent 
Mining Developments,” Eng. and Min. Jour., vol. 108, pp. 443, 501, 537, 577, 1919. 

31 Op. cit., pp. 577 and 578. 
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lowing manner: “ In many cases they taper off at each end and 
are largest in the middle. Some of them extend from the sur- 
face to the greatest depths that mining has penetrated them.** 
Others are entirely underground and do not appear on the surface. 
. . . In fact it is the general history of the range that the deeper 
the mining has gone the larger have been the ore bodies. They 
are nearly always associated with basic dikes of Keweenawan age. 
Hotchkiss ** writes: “It may seem at first thought to be unwise 
expenditure to ‘explore for dikes,’ but when it is recalled thalt 
the ore is found lying on these dikes and at six or more different 
horizons in the iron formation, the importance of knowing just 
where the dikes lie is obvious.” 
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Fic. 6. Longitudinal section of part of the iron formation of the 
Gogebic district. Section is parallel to dip. Dikes projected on the foot- 
wall quartzite. (After the Oliver Iron Mining Company.) 


The ore bodies are frequently stacked one above the other, as 
shown in Figs. 6 and 7, lying on dikes which cut the iron forma- 
tion at different elevations. According to Van Hise, Leith and 
Hotchkiss the ore bodies are quite independent of the pitching 
troughs. 

Faults are common in the productive portion of the range. 


382 The deepest shaft at the time of writing reaches a depth of 3277 feet. Ore 
is known to extend to 4000 feet depth on this range. J. W. G. 
33 Op. cit., p. 581. 
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The largest one, called the bedding fault, is known to exist for 
many miles in and parallel to the bedding of the iron formation. 
Many transverse faults seem to have also been of great influence 
in the making of the ore bodies. The most favorable conditions 
for the formation of ore seem to have been at the intersections of 
dikes with basal quartzite, with slaty layers or with other dikes, 
though occassionally some ore is found underneath a dike. 
Fingering of ore bodies upward from the dikes along beds which 
were exceptionally rich in iron minerals before leaching is com- 
mon. At the contact with some dikes, exceptionally hard steel 
blue hematite is found, according to Van Hise and Leith.®™. 
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Fic. 7. Cross sections of the iron formation shown in Fig. 6. (After the 
Oliver Iron Mining Company.) 


While most dikes pitch toward the east a number of them pitch 
westward, a condition which should have greatly complicated 
progress for descending waters. The intake on the old erosion 


34 Mon. 52, p. 240. 
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surface would have been relatively very small for each deposit. 
How such waters after a descent of perhaps a mile or more 
(assuming some erosion) to a depth of 2000 to 3000 feet below 
sea level, could still be leaching and oxidizing, and then find their 
way back to the surface, is a problem which even the staunchest 
supporter of the weathering hypothesis has not solved. 

According to the hydrothermal hypothesis these perplexing 
questions seem to be answerable by the following course of 
events: The iron formation was highly fractured due to igneous 
activity. Dikes were intruded in the most shattered portions. 
The iron formation was heated, especially where steam and other 
gases accompanied the intrusions. Some of this steam may have 
been generated from water that happened to be in the formations. 
Only where the hydrogen formed in the oxidation of minerals 
could escape rapidly, oxidation of siderite, silicates and magnetite 
proceeded and became almost complete. That was clearly above 
the dikes, where the heat was most intense. The volume changes 
in the iron minerals due to oxidation helped to disintegrate the 
cherts. Therefore the richer a layer was in iron minerals the 
more readily it could have been leached of silica by the waters 
which rose probably chiefly through the faults and partly along 
the dikes. The close relation of outcropping ore bodies to the 
present surface is somewhat doubtful when it is considered that 
much erosion has taken place. This does not exclude, however, 
oxidation as far up as the surface at the time of ore formation. 

The lack of ore bodies in the western part of the Gogebic range 
is probably not due so much to recrystallization of the iron forma- 
tion to a slightly coarser grain and the formation of amphiboles, 
as to lack of extensive faulting and hydrothermal activity. The 
gabbro which overlies the iron formation in this part of the dis- 
trict at some distance to the north may be the cause of this lack 
of ore concentration. 

The Marquette District.°—The middle Huronian iron forma- 
tion rests conformably upon slate and quartzite. It is overlain 
unconformably by upper Huronian Goodrich quartzite. These 


35 Van Hise, C. R., and Bayley, W. S., “ The Marquette Iron-bearing District 
of Michigan,” U. S. Geol. Surv. Mon. 28, 1897. 
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formations are highly folded and intruded by many and some- 
times large masses of basic composition. The iron formation 
consists of jaspers, ferruginous cherts, and sideritic slates. The 
ores are chiefly porous soft hematites (including martite). Con- 
siderable masses of hard ore consisting of specular hematite and 
smaller amounts of magnetite and martite also exist. In some 
places this hematite is micaceous in texture. 

Van Hise, Bayley and Leith ** divide the ore deposits according 
to stratigraphic position into three classes: (1) ore deposits at 
the bottom of the iron formation; (2) ore deposits well within 
the iron-bearing formation; (3) ore deposits in the top layers of 
the iron formation and the bottom layers of the Goodrich quartz- 
ite. Some of these bodies are almost wholly in the Goodrich 
quartzite. 

The complexity of the ore bodies is shown best by quoting 
from these authors: ** 


In any of these classes the deposits may be cut into a number of bodies 
by a combination of greenstone dikes and masses. A deposit which in 
one part of the mine is continuous may in another part of the mine be 
cut into two deposits by a gradual projecting mass of greenstone which 
passes into a dike, and each of these may be again dissevered, so that 
the deposit may be cut up into a number of ore bodies separated by soap- 
stone and paint rock. . . . The ore bodies grade above and at the sides 
into the jasper in a variable manner. 


There may also be mentioned the so-called “hanging” ore 
bodies, which are surrounded by unleached iron formation on all 
sides. 

Here, as on the Vermilion range, there exists a transition from 
hard to soft porous ores in some deposits. Van Hise and Leith ** 
refer to it in the following way: “ Also the upper part of an ore 
deposit may be at the topmost horizon of the iron-bearing forma- 
tion and be a specular ore, whereas the lower part may lie wholly 
within the iron-bearing formation and may be a soft ore.” This 
transition may be abrupt. It is thought that these hard ores 

86 Mon. 52, p. 271. 


387 Idem, p. 272. 
38 Idem, p. 271. 
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originated by weathering at an earlier period and were meta- posited 
it is imp 


morphosed at the time of folding of the formation. That may feos a 
4 yetore 


be the case, of course, but would it not be the most unusual coin- 


cidence to have the hard ore deposits extended downward by The 
weathering after this intervening period of anamorphism? Why and pa 
should the ore have been metamorphosed during this anamorph- occurre 
ism while the adjoining and underlying iron formation was not consist 
changed to the “ usual” amphibole-magnetite-quartz rocks? The base of 
formation is supposed to have remained in the form of fer- Leith * 
ruginous cherts and carbonates. Otherwise it could not have The : 
been weathered to soft ore during the second period of ore con- ronion 1 
centration. intruded 

That Van Hise and Leith * also consider a quite different pos- of the i 


had bee: 


sibility of hard ore formation is shown in the following para- ; 
? giomera 


graph: “ To some slight extent also similar hard ores may have 


developed directly from the original cherty iron carbonates by lhe 
deep burial or igneous contact action, but it is shown elswhere Goodr1 


that such action usually results in lean silicated iron-bearing rock 
rather than rich ore bodies.” 

It is an important question, whether the presence of hard ores 
and micaceous hematite definitely establishes a period of ore con- 
centration previous to upper Huronian time. It is conceivable 
that micaceous hematite could have been produced from orig- 
inally lamellar specular hematite of the iron formation, by the 
leaching of the silica between the hematite and the pressures 
which attended the large intrusions that introduced leaching solu- 
tions. This opinion of the present writer seems to be supported 
by the following observation of Van Hise and Bayley: *° 


A close examination of the slate ores (micaceous ore.—J. W. G.) shows Fic. 8 
that they were composed of two parts, one of which was mashed (while 
still in the form of unleached formation?—J. W. G.), the other being 
granular or crystal-outlined hematite and magnetite (and martite.— 


J. W. G.). The latter material fills the cracks left as a result of the en 

mashing, perhaps occupies the place of residual silica, and welds the wre 

micaceous leaves together. Thus this granular ore was certainly de- substai 
39 Idem, p. 276. 41 Mo 


40 Mon. 28, p. 405. 42 Rey 
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posited after the folding. How much was introduced during the folding 
it is impossible to say, for this part cannot be separated from that present 
before the folding. 


The third class of deposits which lie partly in the Negaunee 
and partly in the Goodrich quartzite are almost unique in their 
occurrence. These ores are said to be “ partly recomposed ” and 
consist in part of fragmental material which accumulated at the 
base of the quartzite as a basal conglomerate. Van Hise and 
Leith ** reconstruct their history as follows: 

The alteration of the Negaunee formation began before upper Hu- 
ronion time, when the formation had been slightly folded, eroded, and 
intruded by igneous rocks. Prior to upper Huronion time all the phases 
of the iron-bearing formation now known, except the specular hematite, 
had been developed, for all of them appear as pebbles in the basal con- 
glomerate of the upper Huronion. 


The absence of pebbles consisting of specular hematite in the 
Goodrich quartzite ores and the presence of soft ores in some of 





°o 50 100 150 FEET 


Fre. 8. National Mine, Marquette district. A replacement deposit in 
the Goodrich quartzite. (After Van Hise and Bayley.) 


them shows that at least large portions of these “ conglomerate 
ores”? are of the second period of ore concentration. This is 
2 42 


substantiated especially well by Fig. 8,*° of which its authors 


41 Mon. 52, p. 278. 
42 Reproduced from Monograph 52, p. 394. 
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write: “ On the left is soapstone grading into greenstone. Above 
this is hard ore, and overlying the hard ore are interstratified con- 
glomerate, quartzite and schist. The ore is here plainly due to a 
replacement of the silica of the different sedimentary bands by 
ore, although the original conglomerate was highly ferruginous.” 
Nor is this the only case of a replacement deposit on the Mar- 
quette range. As a matter of fact all of the Goodrich quartzite 
ores seem to come into this category, if we analyse the statement 
of Van Hise and Bayley ** concerning them carefully: 

While a considerable percentage of the iron oxide of the ore was 
present as detritus, in no case does it appear that the material was rich 
enough for merchantable ore before secondary concentration, and often 
the secondary magnetite and its alteration product martite, are the pre- 
dominant constituents of the ore. 


Since the original iron formation contains 30 to 40 per cent. 
iron, any detrital material from it would contain this amount of 
iron. If the silica were leached and replaced in the detritus, there 
would result just the kind of ore described. The enormous 
power of the solutions is indicated by the fact that they dissolved 
not only chert pebbles but also quartz pebbles in these conglomer- 
ates and lined the cavities with adularia crystals.** 

In this connection it is noteworthy that similar replacements of 
conglomerates have been described by P. A. Wagner *° from the 
Crocodile River iron deposits in the Bushveld. 

Very few deposits, if any, which extend into the Goodrich 
quartzite—this statement applies also to the great majority of the 
other ore bodies—appear to be independent of the intrusions, 
since they occur commonly either along dikes or on greenstone 
masses. The soap or paint rock between the ores and these 
igneous rocks, the writer considers hydrothermally altered, eise 
how could magnetite crystals—now largely altered to martite— 
occur as replacements in some of the paint rock. The magnetite 
(or martite respectively) was clearly the last mineral to form in 
these alterations as stated expressly by Van Hise and Bayley.*° 


483 Mon, 28, p. 413. 
44 Mon. 52, pp. 279 and 539. 
45 Op. cit., pp. 148 and 160. 
46 Mon. 28, p. 511. 





The 
previou 
the rea 
of the 
had_ be 
Algom: 
had be 
frequer 
cement 
of met 
Lake \ 
face ou 
hard o} 
ore,” p 
believe 
have tk 

The 
and ill 
in conn 
cold w: 

The: 

Furth 
posits sl 
had bee 
of all th 


The 
were f 
presen 
rocks < 
trusive 

The 

47 Eco 

43 Smi 
Part of 
636-644, 

49 Bay 
Geol. Su 
6 


un 





ove 
‘on- 
toa 
; by 
us. 

far- 
-zite 
nent 


was 
rich 
yften 
pre- 


cent. 
It of 
here 
nous 
ved 


mer- 


ts of 
1 the 


drich 
f{ the 
ions, 
stone 
these 
. else 
ite— 
netite 


‘m in 
46 


y. 











HYDROTHERMAL OXIDATION EXPERIMENTS. 845 


The Vermilion District—The writer has little to add to his 
previous discussion on the ores of the Vermilion range, to which 
the reader is referred.*‘ In that paper it was shown that the ores 
of the Ely “trough” did not undergo metamorphism after they 
had been concentrated, therefore were not older than post- 
Algoman. Doubt was expressed then that the hard Soudan ores 
had been metamorphosed for the reason that large cavities are 
frequently found in them. The mere fact that hematite ore is 
cemented by coarse quartz would not constitute sufficient evidence 
of metamorphism. At the La Rue mine on Armstrong Bay of 
Lake Vermilion there is a miniature Soudan mine as far as sur- 
face outcrops are concerned, but about 20 feet below the glaciated 
hard ore, the quartz and hematite cement give out and a “ soft 
ore,” porous like the Ely ore, is encountered. One can scarcely 
believe that such ore underwent metamorphism though he might 
have thought so by inspecting the cemented top layers. 

The excellent paper by Smith and Finlay * long ago described 
and illustrated replacement deposits of jasper by massive iron ore 
in connection with igneous intrusions although it was thought that 
cold water had produced this replacement. 

These authors also stated: 


Furthermore the massiveness and lack of structure in the Tower de- 
posits show that they were formed after folding took place. For if they 
had been in existence before the folding, it is impossible that they alone, 
of all the materials of the crust in this region, should bear no mark of it. 


These processes do not tell us, however, whether these ores 
were formed soon after the Algoman upheaval or later. The 
presence of outlines of feldspar crystals in the soft altered wall 
rocks a little distant from the ore seems to indicate that the in- 
trusives are of relatively late age. 

The Menominee District.°—The Vulcan iron formation is 

47 Econ, GEOL., vol. 21, pp. 629-644, 1926. 

43 Smith, H. L., and Finlay, J. R., “ The Geological Structure of the Western 
Part of the Vermilion Range, Minnesota,” Trans. A. I, M. M. E., vol. 25, pp. 
636-644, 1895. 

49 Bayley, W. S., “ The Menominee Iron-bearing District of Michigan,” U. S. 
Geol. Surv. Mon. 46, 1904. Also U. S. Geol. Surv. Mon. 52, 1911. 

56 
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divided into three members; the upper and lower are ferruginous;: 
the middle one is slate. These three conformable members are 
of upper Huronian age and lie unconformably on lower Huronian 
dolomite (Randville) or quartzite. The thick Michigamme slate 
overlies the Vulcan formation conformably. The folding of 
these rocks is severe, and nearly everywhere the rocks dip steeply. 
Considerable faulting has occurred. Basic intrusives and ex- 
trusives are numerous. They are mostly post-Vulcan age. 
although none have been reported 


50 


Some cut the iron formation 
in ore bodies. 

The mineralogical and lithological composition of the Vulcan 
formation is ferruginous quartzites, jaspilites, siderite, fer- 
ruginous slates and some greenalite. Van Hise and Leith” de- 
scribe the ores as follows: 


The richer ores are usually bluish black, porous, fine-grained aggre- 
gates of crystallized hematite. These rich ores grade into leaner phases 
containing more or less hydrated hematite with varying amounts of 
quartz, serpentine, talc, clay and carbonates of calcium and magnesium. 
All the minerals occurring as constituents of the ores are found also as 
visible masses either in veins cutting the ore bodies or in vugs or pores 
within them. Dolomite, calcite and pyrite occur locally in excellent 
crystals, and serpentine as large, white almost pure masses. Talc also 
occurs in thick seams of almost ideal purity and chalcopyrite in small 
crystals associated with pyrite. The carbonates and sulphides are found 
near water courses and the silicates mainly in the lower portions of the 
ore bodies. 


Of the mineral serpentine Bayley * writes: 


Serpentine, as has been stated, occurs almost universally in the ores, but 
usually in such small quantities as not to be noticeable in the hand speci- 
men. Frequently, however, it can be detected as small gray or white 
particles scattered so uniformly through the ores as to give them a 
grayish tinge. 


The ore, as commonly stated, occurs largely in “ pitching 


50 Mon. 52, p. 344. 

51 Mon. 52, p. 351. These quoted paragraphs also occur in Bayley’s original 
Monograph 46. 
52 Mon. 46, p. 380. 
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troughs”’ on impervious layers of tale schist, dolomite and 
quartzite.** 


The dolomite near the contact (with the iron formation, seen only in 
the mines.—]. W. G.) is usually schistose, so much so that in most places 
it is pure talc schist. The calcium of the dolomite has been removed and 
much of it has been deposited in the ore bodies as calcite, while the mag- 
nesium has remained in the talc. A surprisingly similar schist has been 
formed from the middle Huronian quartzite [where in contact with the 
ores.—]. W. G.] though on the whole it is more siliceous and less talcose. 
This tale schist serves as an impervious lining to many of the folds 
in which the ore deposits lie, and afforded better conditions for the con- 
centration of the ore material than were afforded by the massive and 
shattered dolomite underlying the ore formation at many places. 


Many ore bodies do not occur in such troughs, however, as is 
recognized by Bayley, Van Hise and Leith.** These bodies for 
the most part 


Remain near the contact of the iron-bearing formation with the under- 
lying rocks, but at many places they leave this contact, rise into the iron- 
bearing beds, and thus become separated from the base of the formation 
by considerable thickness of jaspilites. [Hanging ore bodies——J. W. G.] 
The upper surfaces are much more uneven than the lower ones. Not 
only are they undulatory to a greater degree, but ore projections extend 
upward into the overlying jaspilites. ... 


Could not the apparently greater accumulation of ore in the 
“troughs” be due to the more complete crushing and the thick- 
ening of the iron formation in these folds? An ore body may 
reach entirely across the iron formation and yet be small on a 
straight limb of a fold because the iron formation itself is nar- 
row. On the other hand, where the formation is thickened due 
to folding, larger bodies could develop. (See also the discussion 
on the frequency of the occurrence of synclinal ore bodies. ) 

Since the ores are porous no metamorphism has occurred since 
the beginning of their formation. The talc-schist layers at the 
contacts of the iron formation and of the dolomite or quartzite 
respectively then would have had to form during the period of 


53 Mon. 52, p. 342. 
54 Idem, p. 348. 








848 JOHN W. GRUNER. 


folding before the leaching of the iron formation. This, how- 
ever, would not explain the quotation above that the calcium of 
the dolomite was removed and much of it was deposited in the 
ore as calcite while the magnesium remained in the talc, for 
such a process would have to take place during the formation of 
the tale and not afterwards. Or did the talc originate during the 
leaching of the ores? That assumption would explain the oc- 
currence of much tale and serpentine in veins, in vugs and dis- 
seminated in the ore, which otherwise presents a most perplexing 
problem. The precipitation of much talc and serpentine from 
cold waters that dissolved such highly resistant rocks as jaspilite 
does not seem reasonable in the light of the experimental and 
field evidence that serpentine is probably the most easily soluble 
silicate under weathering conditions. Yet it occurs almost uni- 
versally in the ore in quantities exceeding probably one per cent. 
and reaching several per cent. in some ores. The talc is pure 
white and the serpentine white or grey. Why did they not be- 
come iron stained if they originated by weathering? 

The writer is of the opinion that the hot waters were high in 
magnesium and calcium carbonate. These carbonates either came 
from the magma directly or from the Randville dolomite. They 
attacked first the quartzite or siliceous portions of the dolomite 
at the contact with the iron formation. Since they were still very 
hot, probably above 300° C., they formed the talc “ schist”’ at 
the contact. On their ascent, they oxidized and leached the iron 
formation and wherever of the proper composition and tem- 
perature, precipitated some of the serpentine *° and talc. 

The Cuyuna District.*°—Less is known about the geology of 
the Cuyuna range district than of the other large ore districts, 
because there are practically no outcrops. Two main belts of 
iron formation (altogether about seven or eight) of a north- 
easterly strike have been found. The name Deerwood formation 


55 For the conditions under which a serpentine substance has been produced see: 
Wells, F. G., “ The Hydrothermal Alteration of Serpentine,” Amer. Jour. Sci., vol. 
18, p. 50, 1929. 

56 Harder, E. C., and Johnston, A. W., “ Preliminary Report on the Geology of 
East Central Minnesota Including the Cuyuna Iron-ore District,’ Minnesota 
Geol. Surv., Bull. 15, 1918. 
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has been given to them. Whether they are of the same age is not 
known; they are probably upper Huronian. The iron formation 
is infolded in slates and schists. Many basic intrusions of 
Keweenawan or late upper Huronian age have been found in the 
iron formation and in the ore. Experience has shown that asso- 
ciation of ore and altered basic intrusives is so common that it is 
considered good practice to look for ore near such igneous 
masses. High temperature veins have been described by Thiel * 
from the ores and their wall rocks. 

The iron formation consists mainly of ferruginous cherts, iron 
carbonate and greenalitic phases in the northern belt, and mag- 
netite-amphibole slates and schists in the southern. Most of 
the rocks dip steeply either to the north or south. The ore 
bodies are very irregular in shape. Some are relatively flat ly- 
ing, others form steeply dipping lenses. There seems to be no 
indication that impervious troughs controlled ground water cir- 
culation to any extent since, as far as is known, the majority 
of the ore bodies extend into the iron formation down the dip. 
Ore is known to a depth of about 900 feet. The ore is of variable 
composition with soft porous hematite and limonite predominat- 
ing. Martite is common in some of these ores, according to G. 
A. Thiel.°* Slumping of ore due to the leaching of silica is a 
prominent feature in the wider ore bodies. The occurrence of 
manganese in these ores will not be discussed in this paper. 

The Iron River, Crystal Falls, and Florence Districts.°°—The 
geology of these districts is relatively little known on account of 
few outcrops and intense folding of the sedimentary formations, 
including the upper Huronian iron formation. The iron forma- 

57 Thiel, G. A., ‘“‘ High Temperature Manganese Veins of the Cuyuna Range,” 
Econ. GEOL., vol. 19, p. 377, 1924. 

58 Oral communication. 


59 Clements, J. M., and Smith, H. L., “ The Crystal Falls Iron-bearing District 
of Michigan,” U. S. Geol. Surv. Mon. 36, 1899. 

Allen, R. C., “ The Iron River Iron-bearing District of Michigan,” Mich. Geol. 
and Biol. Surv., Publ. 3, Geol. Series 2, 1910. 

Royce, Stephen, “ Certain Advances in Geological Information Relative to the 
Lake Superior Iron Deposits,” Proc. Lake Superior Min. Inst., vol. 24, pp. 163-170, 
1925. 
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tion consists chiefly of ferruginous cherts, iron carbonate, some 
jasper, and pyrite. It is infolded in black and pyritiferous slates. 
Therefore, the ore bodies are accompanied by these slates but also 
by “ greenstones”’ in places. Diabase and diorite intrusions are 
common except in the ores from which only three or four dikes 
have been reported, unless some of the “ greenstones”’ are altered 
intrusions. Ore bodies extend to a depth of at least 1,700 feet. 
Clements and Smith © write of the ore bodies: ‘‘ Commonly the 
ore is completely surrounded by the chert beds, or chert and ore, 
forming the so-called mixed and lean ore. In such cases they 
form both the foot and hanging wall of the ore bodies.” Ore 
bodies also have steeply dipping footwalls of slate. In depth 
the iron ore layers pass into lean cherty layers as a rule.” 

As to the stratigraphic and structural distribution of the ore 
bodies of the Iron River and Crystal Falls districts Royce” says: 

Anticlines are not on the whole, good places to search for ore on the 
footwall [evidently meaning the lower horizons of the formation, J. W. 
G.], but anticlines have made about half a dozen known ore bodies in 
Iron County, located in every instance in the hanging wall of the forma- 
tion. If the thickness of the formation be divided into thirds, some- 
thing like two-thirds of the ore produced from the district will be found 
to come from the footwall one-third of the formation, mainly along 
synclines. Of the remainder of the ore produced from the district the 
greater amount will be found to have come from the hanging one-third 
of the iron formation, mainly in anticlinal structures. The middle of 
the iron formation over the bulk of the country has been of relatively 
minor importance, producing ore bodies which are usually small, scattered 
affairs, difficult to locate and not very profitable to mine. 


The ores are soft hematite and limonite. They are porous and 
show many crystal-lined cavities. 
The Mesabi District.°—The upper Huronian Biwabik iron 


60 Op. cit. p. 182. 

61 Mon. 52, p. 324. 

62 Op. cit., pp. 169 and 173. 

63 Leith, C. K., “The Mesabi Iron-bearing District of Minnesota,” U. S. Geol. 
Surv. Mon. 43, 1903. Wolff, J. F., “ Ore Bodies of the Mesabi Range,” Eng. and 
Mining Jour., vol. 100, p. 96, 1915. Wolff, J. F., “ Recent Geologic Developments 
on the Mesabi Iron Range, Minnesota,” Trans. A. I. M. M. E., vol. 56, pp. 142- 
169, 1917. Gruner, J. W., “‘ Paragenesis of the Martite Ore Bodies and Mag- 
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formation overlies Pokegama quartzite and underlies Virginia 
slate conformably. The dip of the Biwabik formation is south- 
ward and averages about 10 degrees. Three larger faults and a 
sharp monocline of about 300 feet vertical component have been 
found. 

The term taconite is applied to the rocks of the iron forma- 
tion excepting the intermediate slate. Taconite is a banded fer- 
ruginous chert and greenalite rock containing some slaty phases. 
The most common iron mineral in the taconite is fine-grained 
magnetite. Next in abundance is greenalite; siderite and hema- 
tite make up the rest of the iron. Where the taconite is altered 
to ore, the magnetite is oxidized to martite, the silicates to 
limonite, and the siderite to hematite or limonite. This means 
that definite layers of minerals occurring as beds in the undecom- 
posed formation alter to quite definite ore layers. 

The shapes of the ore bodies are of three types: (1) the trough 
body, the trough being due to slumping, (2) the fissure body, and 
(3) the flat-lying body. The most important is the trough- 
shaped body. Every gradation exists between these three types. 

These ore bodies apparently are so different from most of the 
ores of the Lake Superior region that they cannot be explained 
except by the weathering hypothesis. But a valid hypothesis 
must be able to explain the following field relations: 

1. Magnetite has not weathered to martite, not even to a depth 
of one millimeter, on glaciated surfaces of the Biwabik formation 
in the productive portion of the district. A conspicuous example 
is the high taconite cliff halfway between Virginia and Eveleth. 
The outcrops there have been exposed for thousands of years to 
the weather and ground water. 

2. The discovery of whole martite ore bodies to a depth of goo 
feet in the ores suggests that martite is due to thermal oxidation 
as has been shown for many other districts of the world. 


netites of the Mesabi Range, Minnesota,” Econ. GEoL., vol. 17, pp. I-14, 1922. 


’ 


Gruner, J. W., “The Origin of Sedimentary Iron Formations,” Econ. GEot., 
vol. 17, pp. 407-408, 1922. Gruner, J. W., “ Contributions to the Geology of the 
Mesabi Range, Mirinesota,” Minnesota Geol. Surv. Bull. 19, 1924. 


64 Wachtel, D. E., unpublished thesis, University of Minnesota. 
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3. The larger ore bodies of the Mesabi range are concentrated 
in a number of localities now marked by the sites of cities and vil- 
lages. Ore bodies, of course, occur between these places, but the 
accumulation of ore around these centers is enormous. The 
reason for this bunching is not apparent from the weathering 
hypothesis, for the iron formation as seen in drill cores seems 
fairly uniform. 

4. If the ground waters leached the silica, each center of ore 
concentration should exhibit some basin or similar structure by 
virtue of which it could have controlled the circulation of large 
amounts of water. Such structures have not been found in the 
Pokegama quartzite and the iron formation in spite of intensive 
search by many investigators. On the contrary, in the Virginia 
Horn (Fig. 9), the ore bodies between South Virginia and Gil- 
bert flank a distinctly anticlinal structure which was entirely 
covered by iron formation in the past as shown by the small 
outlier of iron formation 4 miles east of Virginia (Fig.9). One 
may be inclined to accept the weathering hypothesis for the ore 
bodies on the flanks of the anticlines. But by far the largest 
bodies, aggregating over 169 million tons of taxed ore, are 
situated on the nose of the anticline where the available drainage 
area covered by quartzite, slates, and graywackes could hardly 
have exceeded two square miles, as is shown in Fig. 9. If the 
whole area had still been covered by iron formation when the 
leaching occurred (which would have necessitated not more than 
200 feet of erosion up to the present time) then the problem is 
still more perplexing, especially if the seventh point below is 
considered. 

5. The spreading of the ore bodies toward the surface is less by 
far than one imagines when looking at open pit workings where 
the “benches” left on the ore for railroad tracks and safety 
measures, give a wrong impression. Cross sections prepared by 
mining companies show not only relatively little spreading in a 


great many places but also show taconite capping ore in the walls 
of many ore bodies. Since the ore bodies are of great lateral 
extent, the increase in horizontal area near the surface as com- 
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pared with the area near the bottom is relatively small. Any 
spreading of the ore bodies toward the surface can be explained 
under the hydrothermal hypothesis by the greater fracturing of 
the taconite nearer the surface, and the sealing by precipitated 
silica of the early channels of escape very close to the surface, as 
the solutions rose by the paths of least resistance. This explana- 
tion is the same as one used in accounting for spreading of vein 
deposits. 

6. In many large deposits, especially east of Mountain Iron, 
the walls of the deposits are almost vertical and well defined. In 
places the writer was able to reach from high grade ore to highly 
magnetic unleached taconite. These walls may be 100 feet high 
before an appreciable offset occurs. Even on the West Mesabi 
range near Hibbing, it is not unusual to observe a vertical joint 
fissure of 30 to 40 feet in height and considerable lateral extent 
to separate the ore from the taconite. The taconite under these 
conditions may show considerable silicification by quartz veins. 

7. These steep walls are not confined to the sides of the ore 
bodies but also occur at the ends, although to a minor extent. 
The ore bodies, with two exceptions, do not reach the Pokegama 
quartzite up the dip of the formations (as was pointed out as 
early as 1903 by Leith) but pinch out or stop abruptly as shown, 
for example, by the outlines of the pits in Fig. 9. Solid taconite 
is found in drilling between the edge of the quartzite and the ore 
bodies. This is not easily explained by the weathering hypothesis 
according to which the ground waters entered the iron formation 
on the north edge and followed some impervious bed down the 
dip as is shown in Fig. 10. 

8. It was formerly thought that the “ Intermediate slate,” 
this persistent slate up to 20 to 30 feet thickness, had exercised 
much control over the circulating waters. This idea has been 
abandoned, for this slate (now the paint rock) occurs in the 
middle of practically every large ore body. There may be just as 
much or above as below the paint rock. Ina number of places the 
paint rock itself has been enriched sufficiently to be mined as ore. 
In such cases, the bottom portion of the paint rock commonly 
consists of hard, dense, limonite and hematite layers and lenses. 
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‘ 


9g. The Mesabi ore bodies have no “ impervious” floors or 
footwalls. They do not extend to the quartzite except in a few 
special cases as, for example, in the Biwabik and Fault pits where 
the quartzite has been brought up by faulting and forms the bot- 
tom of the ore in some places. The ordinarily hard quartzite 
consists now of sandy material. No other impervious beds or 
layers occur between the Intermediate slate and the quartzite, 
and neither of these two operated as is indicated in Fig. 10, in 
which a generalized cross section of a large ore body has been 
superimposed upon the well known diagram by Leith in which a 
modified artesian circulation had been postulated. 

10. The axes of elongation of the ore bodies usually are more 
nearly parallel to the direction of the strike than to the direction 
of the dip. This fact suggests that the solutions did not come 
down the dip, otherwise the leaching should have followed the 
dip. In the anticlinal structure of the Virginia Horn (Fig. 9), 
however, near Eveleth, the axes of the ore bodies follow the dip 
more commonly than the strike, but at Eveleth, as explained under 
4, it is most difficult to see how leaching from above could have 
occurred. The axes of the large ore bodies at Virginia have a 
peculiar attitude. They occur in a flat curve which cuts off the 
northeast portion of the Virginia Horn as shown in Fig 9 by a 
heavy broken line. 

11. Another impressive argument in favor of the hydrothermal 
hypothesis is the completeness of leaching at the bottom of the 
ore bodies. It is almost inconceivable that solutions saturated 
with silica could have descended down the dip without dropping 
their load and thus obstructing any possible channels for further 
leaching and slumping. That slow slumping occurred for con- 
siderable vertical distances and over relatively large areas in a 
body is proven by the fault-like breaks between the taconite and 
ore on both sides of the ore bodies. With their slickensided 
surfaces in the paint rock layers they resemble faults so closely 
that they were at times mistaken for them. The whole process 
is similar to what has been called mine subsidence due to stoping 
and removal of ore. If leaching had occurred first in the higher 


65 Gruner, J. W., op. cit., Minn. Geol. Surv. Bull. 19, pp. 40-43. 
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horizons, there scarcely could have occurred slumping on such 
a grand scale with preservation of the bedding in the ore from 
wall to wall. The leaching of the taconite on the erosion surface 
would have left a porous loose material which would have been 
eroded with ease just as fast as it formed. ‘The precipitation of 
silica near the surface according to the hydrothermal hypothesis, 
on the other hand, would have been very efficient protection for 
the ore bodies. 

12. The concentration of manganese in coarsely crystalline 
quartz veins which in the process of slumping of the ore were 
broken into many fragments, is almost a universal occurrence on 
the Mesabi range. In one of these quartz veins in the Wanless 
mine, native copper was found. These veins are certainly of 
hydrothermal origin. Their relation to the ore bodies is obscure, 
though some of them form the walls along which slumping has 
taken place in the ore bodies. 

13. From Keewatin westward, wash ores are encountered that 
contain a great deal of loose granular quartz (all cherts are really 
quartz now). Oxidation, however is complete. It has been said 
that on account of the flatter dip of the iron formation the cir- 
culation of ground water was less vigorous and more silica was 
left. Why then complete oxidation? In the opinion of the 
writer a steeper dip would scarcely accelerate circulation appre- 
ciably in a highly fractured formation without artesian conditions. 
Could not hot ascending waters have acted over a period of time 
long enough to dissolve the cement between the chert granules 
without dissolving them? This is suggested particularly by the 
gradual increase of unleached silica toward the west. 

14. A seeming relationship of the ore bodies to the pre- 
glacial erosion surface has relatively little significance in the dis- 
cussion of the origin of the ore for it is unlikely that the present 
surface coincides exactly with the pre-Cambrian surface at the 
time of maximum ore concentration. Weathering to ore is sup- 
posed to have kept pace with erosion. If Leith’s hypothesis be 
accepted, according to which solutions entered at the northern 
margin of the iron formation, followed the bedding planes down- 
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ward and then rose near the edge of the Virginia slate to spiil 
over the relatively low edge (Fig. 10), it must be postulated that 
the relative differences of elevation of intakes and outlets either 
1emained the same as they are today or were larger at the time 
of ore concentration. This assumption cannot explain, however, 
why the ground water should have followed such a route, since 
no impervious beds existed in the formation. 





Virginia slate 














Poke = a 
Jama Quartrite 








EE™7 tines of flow F===] Impervious slate layer 


Drift (-__]Iron-bearing formation 


Fic. 10. Hypothetical ground water circulation in the Biwabik forma- 
tion according to Leith. Generalized cross section of a large ore body 
(dotted line) superimposed by the present writer. 


15. It is necessary to explain the probable absence of ore under 
the Virginia slate. The dipping of the upper Huronian forma- 
tions toward the south seems to be related to the development of 
the great Lake Superior geosyncline and that in turn to the colos- 
sal intrusions and extrusions of Keweenawan eruptives. The 
Duluth gabbro overlies the Biwabik formation east of Mesabi but 
basic and intermediate dikes are found in a number of places in 
the ore and iron formations as far as 15 miles west of Mesaba.®® 

A gap of one hundred miles seems to separate these intrusions 
from those in the iron formation of the Cuyuna district (Fig. 4). 
Actually, however, fresh looking trap and dolerite dikes have 
been found intruded in the rocks just north of the Pokegama 
quartzite and in the Virginia Horn. The writer found one small 
dike half a mile south of the Minnewas pit at Virginia, and an- 
other one-third of a mile north of the Mountain Iron mine near 
the city of Mountain Iron. Other fresh basic intrusions occur 
north of Nashwauk.*% Since these discoveries were made in 
connection with work not related to the present study, no syste- 


66 Gruner, J. W., Minn. Geol. Surv., Bull. 19, p. 7, 1924. 
67 Observed by Dr. G. A. Thiel and Dr. I. S. Allison. 





858 JOHN W. GRUNER. 


matic search having been made north of the Pokegama quartzite, 
it is probable that more of these intrusions will be found. They 
are testimony that large basic intrusives are concealed under the 
Mesabi range and may be considered links in the chain of Ke- 
weenawan eruptives surrounding the Lake Superior geosyncline. 

If it is assumed that large quantities of gases and solutions rose 
from these basic magmas, an assumption not any bolder than 
numerous other postulates of petrology, it becomes possible to 
explain the origin of the Mesabi ores by the new hypothesis. 
Since the Giants Range granite may have been an effective barrier 
for solutions to the north * the flow of the solutions and gases 
was confined to a narrow zone between the granite and the thin- 
est fractured portions of the Virginia slate. In some places the 
slate may have been absent. This assumption would answer the 
question why ore bodies have not been found under Virginia 
slate at its present stage of erosion. 

The absence of ore on the East Mesabi (the small Spring mine 
excepted) and Gunflint range is probably due to the overlying Du- 
luth gabbro. It is not likely that ascending solutions could have 
penetrated such an enormous mass of igneous rock. 


COMPARATIVE FREQUENCY OF THE OCCURRENCE OF ORE IN 
SYNCLINES AND ITS CAUSES. 


Since so much has been written on the occurrences of ore in 
synclines and troughs, the reasons for their apparent frequency 
will be discussed. The highly folded iron formations being sedi- 
mentary and overlying older sedimentary rocks are necessarily 
found infolded as synclines and synclinoria in the older forma- 
tions. Therefore, ore will be in these larger synclines if any 
exists at all. Any synclinorium cut by erosion will always have 
one more syncline than anticline. If the structure consists of 
a few folds as shown in Fig. 11 the numerical chance for the 
occurrence of ore in synclines is, therefore, greater than for 

68 It appears from a study of the distribution and metamorphism of the green- 
stone outcrops between the Pokegama quartzite and the Giants Range granite that 


the Mesabi range represents the southern limit of the granite batholith in the 
older rocks. 
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anticlines. In the extreme examples of only one fold no pos- 
sibility exists for an anticline. Some of these extreme cases have 
frequently been given as illustrations.” 


















Impervious 
formation 


Fig. 11. Diagram of a synclinorium with four synclines and three 
anticlines. Shaded portions should come under the classification of 
synclinal structures. 


Fig. 11 also illustrates another point; any ore found in the 
shaded portion of this hypothetical synclinorium would probably 
be reported as occurring in a syncline, and such would be the 
case. But an inspection of the figure shows that the anticlinal 
crests make up only a small portion of the structure. Therefore, 
the mathematical probability that an ore body will be in a syncline 
is several times greater than for an anticline. 

If the iron formation is overlain by thick impervious slates, 
ascending solutions cannot break through the slates but must 
follow the highly fractured iron formation. The solutions will, 
however, use the shortest possible route to the surface. Since 
gases are liberated by the oxidation of FeCO; and the decom- 
position of H.O, the tendency will be for such gases to fill the 
upper portions of the porous formations. The anticlines or the 
anticlinal portions of the drag folds should act like traps for these 
gases, as shown in Fig. 12. The solutions should be unable to 
leach these portions of the structures. These hypothetical con- 
ditions may account for some of the trough or drag fold bodies 
of the Menominee, Crystal Falls, and Iron River districts. 


69 For example: Chandler ore body of the Vermilion range district, Mon. 45, 
Figures 8 and 11, and on the Marquette range Fig. 1, in Mon. 28, Plate 20. 
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That synclines and descending waters alone without special 
conditions did not produce ore bodies can be easily demonstrated 
by the fact that there are many more synclines without ore than 











Fic, 12. Diagram illustrating course of ascending waters (dotted) in 
iron formation. No ore could form in anticlines on account of trapped 
gases. 


with ore. Disregarding the ore bodies that are in structures of 
which intrusives are essential parts, the occurrence of synclinal 
ore bodies may be summarized as follows: 

1. Of the seven districts (counting Crystal Falls, Iron River, 
and Florence as one) only three can be considered to have trough 
structures. 

2. Of these three districts the Marquette district has few, since 
most of its ore bodies are clearly dependent on intrusives for 
footwalls or floors. 

3. The remaining two districts that contain synclinal bodies 
also have many bodies which are not in troughs, as has been 
shown. 

That ore bodies which occur at intersections of two intrusives 
or at the intersection of an intrusive mass with some slaty or 
similar layer (which cannot become ore on account of its com- 
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position) should not be included under synclinal structures in 
the hydrothermal hypothesis, is obvious. These ore bodies can 
be explained as having been produced by the direct heat of the 
intrusives and by the solutions which rose along the highly frac- 
tured contacts between intrusives and iron formations and along 
other shattered zones. How, for example, could the not un- 
common case of ore bodies on both sides of the same dike be 
explained by the weathering hypothesis? 


PROBABLE LACK OF DEEP ARTESIAN CIRCULATION. 


The strongest argument for the absence of artesian conditions 
save to a minor extent, is the fact that there is rarely any ore 
found directly under an impervious bed of any kind. If artesian 
circulation had existed, the iron formation should have been 
leached more easily under impervious layers where the circulation 
would have been most vigorous. Without artesian conditions, 
however, it becomes practically impossible to account for the 
great depth of leaching, for the water would have been ponded 
in the formations. Not even with the greatest possible relief in 
the region at the time of ore concentration can we postulate an 
outlet for ground water which would have been lower than 1000 
feet with respect to the rocks exposed on the present surface. 
There remain several thousand feet of depth of ore for which 
no account can be given. 

A fact not mentioned before is that leaching of silica without 
attendant oxidation of ferrous minerals does not occur in the 
Lake Superior region. Waters which are capable of dissolving 
silica are not necessarily oxidizing. Van Hise and others, for 
example, think that waters high in CO, leached the silica but also 
dissolved iron carbonate. In order to account for the precipita- 
tion and oxidation of ferrous iron they postulated other waters 
high in oxygen “more directly” from the surface that mingled 
with the CO, waters at depth.*® There is no reason why these 
two kinds of solutions should have always met. Leaching of 
silica should be found without oxidation of iron minerals. Ac- 


Q 


70 Mon. 28, p. 403, and Mon. 52, p. 538. 
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cording to the hydrothermal hypothesis, however, oxidation must 
result, if waters can move upward. For this ascent means that 
gases can move even more rapidly to a point of escape. 

Given the most favorable conditions of artesian water, or even 
arid conditions with a very low water table throughout the whole 
Lake Superior region, and a long period of time, there is still one 
feature common to all its districts (except the Mesabi) that re- 
mains unexplained. This is, that many ore bodies do not reach 
the present (pre-glacial) erosion surface at any point, whether it 
be along the axis or the flanks of the deposits. Why should the 
ground water have circulated down the bedding or other con- 
trolling structures in the iron formation for considerable distances 
before it began to oxidize and leach? 


SOURCES OF HYDROTHERMAL SOLUTIONS. 


It has been shown that the whole region was subjected to 
tremendous volcanic activity during upper Huronian and Ke- 
weenawan time. The enormous visible intrusions and extrusions 
of chiefly basic character are only relatively small portions of the 
great masses underlying the whole Lake Superior geosyncline. 
That such masses must have been accompanied by the emission 
of large quantities of solutions and gases can scarcely bé doubted. 
This is particularly true in the light of the evidence presented 
chiefly during the last two decades, especially by A. L. Day, E. T. 
Allen, E. S. Shepherd, and C. N. Fenner. In Fenner’s latest 
paper “* is the statement : 


The view that basaltic and cognate magmas are almost lacking in vola- 
tiles occurs repeatedly in geologic literature, and has become almost an 
axiom. They probably contain much less than the siliceous magmas, but 
a little evidence such as this, that their content of volatiles is not in- 
significant, may not be amiss. 


Fenner also points out that these volatiles may escape leaving 
hardly a trace of their existence. The present writer ascribes 
this disappearance chiefly to the low silica content of the solutions. 


71 Fenner, C. N., “ The Crystallization of Basalts,”’ Amer. Jour. Sct., vol. 18, 
P. 247, 1929. 
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x 


Any carbonates that may be deposited by such solutions, either in 
veins or as replacement, were not formerly considered as originat- 
ing from magmas. If these waters deposited their loads mainly 
near the surface their precipitates could easily be eroded or might 
not be recognized as originating from a basic magma. 

If the basalts contained no large amounts of volatiles, how did 
the amygdaloidal cavities originate, or why was there develop- 
ment of volcanic glasses and zeolites? So far, the hydration of 
enormous masses of olivine-rich rocks to serpentine has remained 
unexplained. Since this seems to be a late magmatic process, 
from where did the serpentines receive their water? 

Hulin * has quite recently compiled a large amount of data 
showing the probable presence of volatile constituents in basic 
magmas. There exists the belief, accepted by most geologists, 
that iron chlorides are common volatile constituents in these basic 
magmas. Van Hise and Leith“ even go so far as to credit 
certain basic magmas with amounts of emanations sufficient to 
produce entire iron formations by chemical precipitation. 


CONCLUSIONS. 

Experiments show that silica from silica gel (artificial opal), 
chalcedony, and greenalite taconite, is soluble to an extraordinary 
extent in distilled water at temperatures ranging from 200° C. to 
300° C. Quartz dissolves readily in water at temperatures of 
250° C. and above. A basic rock like the Duluth gabbro is at- 
tacked relatively little at 300° C. 

Solutions of NaHCO;, NaHCO, + CaCO;, and NaHCO, 
+ CaCO; + MgCO, (saturated with CO, at room temperature) 
easily dissolve quartz at 300° C. but attack gabbro only very 
slightly. 

The solubility of SiO, from the minerals and rocks enumerated 
—excepting the gabbro—is many, even hundreds, of times as 
great at 200° C. to 300° C. as at room temperature. 

The oxidation of ferrous iron in minerals takes place in hot 


72 Hulin, C. D., “ Metallization from Basic Magmas,” Univ. of Calif. Publ., Bull. 
Dept. Geol. Sci., vol. 18, pp. 254-265, 1929. 
73 Mon. 52, pp. 516-518. 
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water or steam in the absence of air at temperatures as low as 
160° C., provided the hydrogen given off in the decomposition 
of H.O can escape. 

Experiments show that siderite is oxidized to magnetite or 
ferric hydroxide at temperatures between 170° C. and 200° C. 
Above 200° C. it is oxidized to magnetite. 

Magnetite is oxidized to hematite in steam or water at 258° C. 
and probably below this temperature. Greenalite and greenalite 
taconite are oxidized to a light brown substance, probably 
limonite, in water, beginning at 200° C. In steam, at atmos- 
pheric pressure, a darker brown is the result, and the reaction 
does not seem to start below 250° C. 

Very small amounts, almost mere traces, of HCl, FeCl. or 
FeCl; promote these reactions very much. They behave almost 
like catalysers in this respect, that they are used over and over. 
With the aid of such small amounts of HCl, siderite is oxidized to 
ferric hydroxide at 150° C., and magnetic black oxide becomes 
ferric oxide at 200° C. These are probably not the minimum 
temperatures at which these reactions become noticeable. 

Limonite is stable at 250° C. in the presence of water and 
steam at corresponding pressures. It changes to ferric oxide at 
300° C. in the steam phase in the presence of water, but remains 
limonite if under water at this temperature. Further experi- 
ments are necessary, however, to confirm this behavior at 300° C. 

These experimental facts lend strong support to the hypothesis 
that the Lake Superior hematite-limonite ores were oxidized and 
leached hydrothermally. It is thought that great basic Kewee- 
nawan intrusions associated with the Lake Superior geosyncline 
were the sources of heat and solutions necessary for the ore con- 
centrations. The Lake Superior ores with their geologic settings 
have very similar counterparts in the leached ores of South 
Africa, especially in the Bushveld. 

Since the volcanic activity in connection with the Lake Su- 
perior geosyncline began in upper Huronian time and lasted 
through the greater part of the Keweenawan, it is necessary to 
show that the great bulk of the ores was concentrated in this 
interval. 
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Practically all students of the ores believe that the concentra- 
tion was completed, or at least very far advanced, at the begin- 
ning of Cambrian sedimentation since some of the ore bodies 
were buried under these sediments. It is not likely that ore is 
being concentrated at the present time in view of the fact that the 
iron mine waters show great similarity to water from glacial till, 
or other ground water. 

It is more difficult to fix the time of the beginning of ore con- 
centration. The age of all the ores that are highly porous (and 
most of them are of this character) is recognized as later than 
the last period of dynamic metamorphism and later than the basic 
intrusions of upper Huronian or Keweenawan age, for these 
intrusions are commonly the walls of the ore bodies. 

There exist hard ores, however, on the Vermilion and Mar- 
quette ranges. The latter especially used to be thought pre-upper 
Huronian in age because they seem to consist in part of ore con- 
glomerate at the base of the Goodrich quartzite. The writer is 
of the opinion that most of this detrital material was probably 
not ore when it was laid down as conglomerate, but derived from 
iron formation which later was partly leached and partly re- 
placed by iron oxide. The relatively small amounts of micaceous 
hematite in the Marquette ores seem to have originated after 
metamorphism by the replacement of silica by magnetite and 
specularite in metamorphosed banded specular jasper, in which 
the specularite crystals were already in parallel orientation. An- 
other argument that the hard ores are of the same age as the 
soft ores is their gradation into each other. This gradation has 
also been found in the Vermilion district. The same type of re- 
placement of silica by specular hematite also exists there. It is 
highly probable that the Vermilion ores are of the same period of 
ore concentration. 

Either upper Huronian or Keweenawan basic intrusives are 
found in all iron formations. In the Gogebic, Marquette, 
Cuyuna, and Vermilion districts they form essential parts of 
structures in which ore is found. The productive Mesabi range 
seems to be underlain by large intrusives of Keweenawan age, 
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for fresh diabase and trap dikes intrude the rocks just north of 
the Pokegama quartzite. 

One of the most common arguments advanced in favor of the 
weathering hypothesis is the occurrence of many ore bodies in 
“structural troughs.” An ore body occurring in a “trough” 
which has one or several intrusives as floor or walls was prob- 
ably formed by thermal and hydrothermal action in connection 
with the intrusives in and below the deposit. 

True synclinal troughs containing ore in the bottoms occur 
only in the Menominee district and its extensions (Iron River, 
Crystal Falls, and Florence), and to a minor extent on the Mar- 
quette range. Three reasons for the formation of these de- 
posits can be given: (1) Gases that are released by the decom- 
position of H.O and FeCO; are trapped in the anticlinal struc- 
tures and prevent leaching solutions from entering them. (2) 
In any synclinorium, numerically more synclines occur than anti- 
clines. (3) Much more space per unit area of a synclinorium is 
occupied by structures which may be classified as synclinal than 
anticlinal. 

The impervious “ soap rock ”’ or “ paint rock”’ of the minerals 
consists chiefly of talc, serpentine, chlorite, and hematite, which 
seem to be hydrothermal products. The extremely common occur- 
rence of martite in the Mesabi (on a very large scale), Mar- 
quette and Cuyuna districts and its lesser abundance in the others, 
is a strong argument in favor of the hydrothermal hypothesis. 
Tt receives its strongest support, however, from the fact that 
large quantities of ore are known to occur at depths of 3,000 to 
4,000 feet. 

It may seem at first that the Mesabi ores do not show the 
important features required for a hydrothermal origin. But it 
was shown that the leaching solutions seem to have been ascend- 
ing and not descending in practically all deposits. With an al- 
most complete knowledge of the distribution and shape of the 
ore bodies on the Mesabi range, the weathering hypothesis ap- 
pears inadequate to explain the origin of the ores which attain 
depths of 600 and goo feet in the highly resistant magnetic 
taconite. 
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The sequence of events in the concentration of most ores would 
probably be as follows: Enormous basic magmas were injected 
into the rocks under the iron formations. Where smaller off- 
shoots reached the iron formations the heat in the latter may have 
reached 400° C. or more, locally. The ferrous iron was oxidized 
by the gases and solutions that rose from the main magmas and 
probably to a small extent by ground water which happened to be 
in the iron formations at the time of intrusion. This oxidation, 
however, was possible only in places where the generated gases 
could easily escape. The iron formation was thoroughly dis- 
integrated by the volume changes of the minerals oxidized, and 
was easily leached of its silica by the hot solutions which, on 
ascending, deposited their silica load at or near the surface. The 
deposited silica protected the underlying ores from rapid erosion. 
Since the solutions contained chiefly alkali and alkaline earth 
carbonates they had no tendency to attack vigorously rocks con- 
sisting of silicates of these metals. 

In most ore bodies, especially on the Mesabi range, the tem- 
peratures probably did not exceed 300° C. in the lower portions 
of the formations. Even 200° C. would have sufficed, especially 
if small amounts of FeCl; had been in the solutions. Iron 
chlorides were probably instrumental in producing the replace- 
ment deposits of the Marquette and Vermilion districts. 

UNIVERSITY OF MINNESOTA, 

MINNEAPOLIS, MINN. 








DISCUSSION AND COMMUNICATIONS 





THE SHERRITT-GORDON COPPER-ZINC DEPOSIT, 
NORTHERN MANITOBA. 


Sir: Certain features of my paper describing the Sherritt-Gor- 
don ore body of northern Manitoba are discussed by Dr. J. F. 
Wright in the May number of Economic Grotocy. It is a mat- 
ter of much satisfaction to me that in the main Dr. Wright and 
I are in agreement. Even in the chief point which he raises in 
his discussion I think we are of the same opinion. 

If I were concerned with justifying the wording of my original 
paper I could point out that there is a minor synclinal structure 
which shows in the workings from the central shaft between the 
Ist and 2d levels and north of the outcrop of the ore. To in- 
troduce this fact would be merely a pointless prolonging of the 
discussion. I regret that Dr. Wright has not happened to see the 
annual report of the Sherritt-Gordon Mines for the year ending 
October Ist, 1929. My description of the geological conditions 
at the mine is as follows: 

The regional structure is that of a major anticline to the south of 
Sherritt-Gordon. At Sherritt-Gordon the beds have been dragged into 
a sharp fold, the axis of which plunges at an angle of. between 20° and 25° 
nearly due east. The intersection of the surface with this inclined fold 
results in the apparently warped plane of the vein. The area near the 
west shaft is on the under side of the part of the beds pulled over to the 
south. Along the vein to the southeast the dip steepens as the surface 
cuts the upper part of the drag at higher and higher levels. At the east 
shaft the dip is to the southwest, or opposite to that at the west shaft 
since the surface is, at that point, on the upper surface of the over- 
dragged portion of the fold. On the major fold minor drags have been 
superimposed. 

The anticline referred to by Dr. Wright is the “sharp fold” 
in my description. Without diagrams it is extremely difficult to 
make clear closely folded structures of this kind. The terms 
major and minor must evidently be relative. So far as the Sher- 
ritt-Gordon body is now known there is a syncline that may be the 
868 
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bottom of a drag fold which in turn is superimposed on the south- 
west liinb of a larger drag fold on the northeast limb of what both 
Dr. Wright and I have called a major anticline. The major anti- 
cline is south of the outcrop of the vein, the other structures are 
north of it. I think I should in justice add that the structure as 
described above is essentially the structure as interpreted by Mr. 
E. L. Brown, Superintendent of the Sherritt-Gordon, before 
either Dr. Wright or I visited the property. 

In discussing the mineralogy of the deposit, Wright remarks 
that I evidently consider all the scapolite to be formed by reactions 
between the vein solutions and wall rocks. Only one crystal of 
scapolite has yet been reported from this district. I found that in 
ore from the east shaft. In my own microscopic examination 
none has been recognized in the gneisses, and I know of no men- 
tion of it by others. Wright suggests that scapolite may have 
formed by the recrystallization of the limy beds in a way similar 
to the formation of the other minerals of the gneisses, and then 
the inclusion of the crystal in the ore in which it was completely 
embedded. The apparent absence of scapolite in the gneiss places 
the burden of proof on Dr. Wright. Further, however, there are 
the following facts to be considered. The scapolite crystal is 
well formed with smooth faces and sharp angles. It is by far 
the most nearly perfect crystal of any kind that I have found 
associated with the sulphides. Is it likely that a scapolite crystal 
formed by recrystallization of the sediments and then included in 
the ore would have resisted attack by solutions sufficiently active to 
have corroded the quartz grains, and have formed, as Wright 
admits, ‘‘a narrow fringe of deep green chloritic material along 
the borders of some grains of amphibole ’”’? 

I have in mind that Winchell states that scapolite is not stable 
under anamorphic conditions. I have not facilities to search the 
literature on this point at this time. It seems at least doubtful if 
chlorine would be retained through the breaking down of the 
original sediments and reconstitution of the altered material into 
the gneisses except as a constituent with typical igneous affinities, 
such as apatite. 
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The occurrence of scapolite in the series at Reindeer Lake has 
no bearing on the discussion. I am acquainted with the rocks at 
only two places on Reindeer Lake, the southern end and Pask- 
wachi Bay. The intrusion by granite and pegmatite is as in- 
timate, if not more intimate in those localities than it is at 
Sherritt-Gordon. There is, therefore, at least as great likelihood 
of contact-metamorphic minerals. Dr. Stockwell, as I remem- 
ber, describes the scapolite rock as probably formed by the meta- 
morphism of an original impure limestone. I cannot recall that 
he uses the word contact, but I did not gather from his de- 
scription that he considered that the scapolite rock is merely 
recrystallized impure limestone. No conditions could be more 
perfect for the formation of contact-metamorphic minerals. Bod- 
ies of sulphides are not necessarily present with all contact-meta- 
morphic mineral occurrences. 

Much of the garnet is undoubtedly the result of recrystalliza- 
tion of original sedimentary material, and the similarity in com- 
position of garnet of that origin is so striking that it has been 
used in a recent paper as an argument in favor of the sedimentary 
origin of the gneisses. But Dr. Wright has not recognized or, 
at any rate, has not mentioned the fact that there are garnets of 
more than one kind. On the Wiltsey Henderson claims, north- 
west of the Sherritt-Gordon proper, garnet occurs in masses of 
considerable size and purity. Specimens of this garnet have been 
analyzed and although it is, like the disseminated garnet in the 
gneiss, the variety almandine, it contains decidedly different pro- 
portions of calcium, magnesium and ferrous iron. This is note- 
worthy in view of the constancy of the garnet in gneisses from 
widely separated localities. The garnet on the Wiltsey Hender- 
son claims is probably contact-metamorphic in character. It is 
earlier than the chalcopyrite mineralization but is later than most, 
if not all, of the pyrrhotite. 

The latter part of Dr. Wright’s contribution is a restatement 
of the facts of the mineral relations not differing from mine and 
requiring no further discussion. E. L. Bruce. 

QUEEN’s UNIVERSITY, 

KINGSTON, ONTARIO, CANADA. 
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THE GENESIS OF LODESTONE. 


Sir: Two recent articles have appeared in Economic GEOLOGY 
concerning the origin of lodestone, one by Newhouse ’* and a later 
one by Gruner.” Newhouse believes that lodestone is due to a 
magnetic brownish ferric oxide of iron, similar in form and prop- 
erties to magnetite but brownish in color under the microscope. 
Gruner discusses the occurrence of this magnetic brownish mag- 
netite and concludes that lodestone is not due to this mineral but 
that the association, if it exists at all, is accidental. He did not 
find this brownish magnetite associated with the pieces of polished 
lodestone which he examined. Gruner offers no theory of origin 
of his own, unless his statement, “that lodestone is relatively 
more common on the surface and at the extremities of a magnetite 
deposit is not surprising. A crowding of the magnetic lines of 
force of the earth’s field would be expected in those places,” can 
be taken to mean that he believes lodestone to be due to the force 
of the earth’s magnetic field. 

Origin.—The writer believes that lodestone is due to lightning 
striking outcrops of magnetite or striking the ground very close 
to such outcrops. Usually when lightning strikes the ground or 
an outcrop it splits and runs along the surface for a distance. 
This is especially true when it strikes outcrops. The tongue of 
lightning running over an outcrop sets up a strong magnetic field, 
and when this takes place on a magnetite deposit it would have 
an effect analogous to placing the magnetite within the field of 
a strong electro-magnet. 

A few years ago the writer was within a few feet of an out- 
crop of ferruginous sandstone when it was struck by a small bolt 
of lightning. The lightning split and ran down the two sides of 
the outcrop for a distance of some ten feet. The width of the 
two forks was between an inch and a half and two inches. The 
magnetic field set up by this lightning on the outcrop, although 
brief in duration, must have been very great. 

What is Lodestone ?—To the best of the writer’s knowledge no 


1 Econ. GEOL., vol. 24, pp. 62-67. 
2 Econ. GEOL., vol. 24, pp. 771-775. 
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defining limits between lodestone and magnetic magnetite have 
been made. There is obviously some point at which lodestone 
loses its identity as such and becomes magnetic magnetite. This 
gradation from lodestone to magnetite is gradual and an arbitrary 
limit must be set to mark the one from the other. 

Dana * says of lodestone, “the property of polarity which dis- 
tinguishes the lodestone is exceptional.” However a great 
amount of the magnetite or other minerals which show polarity 
is certainly not lodestone. Most magnetite will show enough 
polarity to affect a compass needle. The writer has found pure 
specularite with a decided polarity but it was certainly not lode- 
stone. It is here suggested that magnetite with a magnetic 
strength of, or greater than, 250 magnetic lines per square centi- 
meter, or a lifting power of 2.5 grams per square centimeter, be 
considered lodestone and all magnetite showing polarity of less 
magnetic strength than the above be considered as magnetic 
magnetite. 

The material to which the term lodestone was first applied was 
of far greater magnetic strength than this. According to old 
legends, lodestone was first noticed by herdsmen in Magnesia 
when they found that the iron ferrules of their staffs adhered to 
a heavy black rock. The lodestone used by an early experimenter 
in electricity and magnetism was strong enough to support small 
metal images of human beings. Lodestone should be strong 
enough to orient itself in the earth’s magnetic field if properly 
suspended, if it is to have the property implied by its name. In 
this paper, magnetite of the above strength is considered lodestone 
and magnetite below this magnetic strength is considered as mag- 
netic magnetite. 

Occurrence.—Lodestone occurs, as a rule, on or just below the 
surface of the earth. On the surface it is found occurring in two 
forms: (1), as boulders or pieces of magnetite outcrop in the soil 
around the outcrop or as part of till or rubble; (2), as a part of 
the outcrop itself, either exposed on the surface or lying just be- 
low the surface. 


3 System of Mineralogy, Sixth Ed., p. 226. 
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Since magnetite, either weathered or fresh, is quite susceptible 
to magnetic influence, it is reasonable to suppose that when a sur- 
face area of an outcrop is magnetized, the magnetic influence will 
be extended to surrounding areas in diminishing strength ratio. 
The area of this influence will obviously depend upon the initial 
magnetism. However, the writer has never observed lodestone 
as an integral part of a magnetite deposit over fifty feet below the 
surface. It would appear that the strength of surface lodestone 
fails at a comparatively shallow depth and lodestone will -be 
limited to the surface of a deposit except in very exceptional cases 
where the magnetism has been very great. 

As stated by Dana, lodestone is exceptional or rare. It is espe- 
cially rare when the amount of known magnetite is considered. 
Outcrops of magnetite are comparatively common and the amount 
of magnetite in known outcrops and underground areas is large. 
There are several large areas of magnetite which instantly come 
to mind for every well known locality of lodestone. 

In a magnetite area where lodestone occurs it has been the 
writer's experience that the occurrence is erratic. If any gen- 
eralization can be drawn it is that the lodestone is most common 
about the higher points of the outcrop or the more exposed areas. 
There is certainly no segregation of lodestone at the ends of the 
ore body; if anything, the opposite is true. 

Artificial Lodestone—Artificial lodestone can be made by 
placing magnetite within the magnetic field of either a permanent 
magnet or an electro-magnet. The stronger the magnetic field 
the greater will be the magnetism induced in the magnetite. 
There is apparently no difference in the quantity of magnetism 
that fresh magnetite takes, from that of weathered magnetite, 
except that the weathered magnetite is more apt to be pure than 
the fresh piece. The fresh magnetite ore will contain a certain 
amount of gangue which would be weathered away in the surface 
ore. This gangue might tend to separate the lodestone and break 
the unity of the magnetic mass. 

Both weathered (niggerhead ore) and fresh magnetite were 
placed in the same magnetic field of an electro-magnetic separator 
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and it was found that there was apparently no difference in the 
quantity of magnetism that was taken by both pieces or in the 
remanence of the different ores. One piece has hung for over a 
year with as many small finishing nails as it would support when 
it was magnetized and, as far as known, has not dropped a single 
nail. 

Other Theories of Origin—As before stated, Newhouse ad- 
vances the theory that lodestone is due to the presence of a 
“ brownish oxidized magnetite ” which is very susceptible to mag- 
netic influence. The writer has examined many pieces of 
polished magnetite, most of them from localities from which Dr. 
Newhouse has collected material, and finds it difficult to recognize 
this brown magnetite. If this brown magnetite is as common as 
one is led to believe by the papers of Newhouse and Callahan, one 
would certainly expect to find lodestone more abundant than it is. 
As iron is oxidized to magnetite it loses some of its magnetic 
potentialities. Likewise, when magnetite is altered to hematite 
by oxidation it loses most of its magnetic potentialities. It is 
rather difficult to understand why the peak of high magnetic sus- 
ceptibility for iron oxide should fall between magnetite and 
hematite, in the zone where iron oxide loses most of its magnetic 
susceptibility. 

If lodestone is due to this oxide of magnetite there is no reason 
why it should not appear at any point in a magnetite deposit above 
the ground water level and this ground water level would be the 
only limiting factor of its vertical extent. The occurrence of 
lodestone does not bear out this conclusion. One does not look 
for lodestone in the stopes of a mine but among the boulders on 
the surface. While it is true that the surface is the place of 
greatest oxidation one would conclude that, since this brown 
magnetic magnetite is apparently the first step in the oxidation of 
magnetite, it should take place anywhere in the zone of oxidation. 

The association suggested by Newhouse, of limonite and lode- 
stone, is significant only in so far as limonite is a common min- 
eral of surface alteration and a common associate of surface 
minerals. There can certainly be no inter-relation of limonite 
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and lodestone, as pointed out by Gruner, or there would not be 
the great difference in the frequency of occurrence of the two. 

Mr. Newhouse states that, “the magnetic field is usually 
strongest at the ends of the orebody,” and Mr. Gruner makes the 
statement “that lodestone is relatively more common on the 
surface and at the extremities of a magnetite deposit is not sur- 
prising. A crowding of the magnetic lines of force of the earth's 
field would be expected in those places.” It is difficult to under- 
stand why there would be magnetostriction at the ends of a long 
more or less tabular deposit of magnetite striking east and west 
and also in one striking north and south. This condition might 
exist in the latter case, it is granted. An iron rod with the longer 
dimension lying across a weak magnetic field does not become 
polarized. Why should a magnetite deposit striking east and 
west across the magnetic field of the earth acquire polarity strong 
enough to produce lodestone and have magnetostriction at the 
ends of the deposit? Yet, to cite one example, lodestone is fairly 
common at Cornwall, Pennsylvania, an ore body with a general 
east-west strike. 

Summary.—Lightning striking outcrops of magnetite ore is 
suggested as a theory for the origin of lodestone. 

Lodestone is defined as magnetite with 250 magnetic lines per 
square centimeter or a lifting power of 2.5 grams per square 
centimeter, or above. 

Lodestone is limited, as a rule, to the surface or within a few 
feet of the surface. 

Lodestone does not occur most frequently at the ends of a 
deposit but as a rule at the higher or more exposed areas. 

Lodestone is a comparatively rare mineral. 

The theory, proposed by Newhouse, that lodestone is due to a 
brownish oxidized magnetite does not meet all the conditions 
under which it occurs naturally, and is formed artificially. The 
theory that it is formed by the magnetic field of the earth is 
equally inadequate. 

Mark C,. Banpy. 
CHUQUICAMATA, CHILE. 
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Oil Fields in the United States. By Water A. Ver WIeEBE. Pp. vii + 
629, figs. 230. McGraw-Hill Book Company, New York, 1930. Price 
$6.00. 


The petroliferous provinces in the United States are classified in this 
text according to tectonic units. Although at first glance, it appears as if 
the idea were radically different from the geographical classification 
formerly in vogue, there is really but one essential difference, namely that 
the great area formerly referred to as the Mid-continent province is sub- 
divided into a number of provinces which include the Western Coal Basin, 
the Ouachita-Amarillo Mountain, the Bend Arch, and the West Texas 
Basin provinces. The oil fields of Arkansas, Louisiana and south and 
east Texas are placed in the Gulf Embayment province along with the 
salt dome fields. 

The text differs from the usual book on petroleum in that the author 
does not discuss the origin of oil, theories of migration, accumulation, 
etc., except insofar as some such discussion is required in connection with 
the fields of any individual area. 

The book suffers somewhat from what might be termed improper ad- 
vertising. It does not, as is claimed, describe every oil field in the United 
States, and if the author had attempted this task, he would have made the 
book much less valuable than it is. There is also evidence of a certain 
amount of lack of care in assembling the figures and tables. To consider 
a few examples: Near the beginning of page 42 the author refers to 
“the following table” and the table appears on page 44. Towards the 
end of page 42, a reference to a figure is misplaced so that the figure 
referred to has practically nothing to do with the subject matter im- 
mediately preceding the reference. Again on page 46, reference is made 
to certain wells which have reached the white Medina, and the reader is 
again referred to this table on page 44 which mentions the grey Medina 
but not the white Medina. On page 55, the stratigraphy of West Vir- 
ginia from the Cambrian to the Permian is mentioned, and the reader is 
informed that the information is gathered into a single columnar section. 
The section, however, begins with the Catskill and ends with the Monon- 
gahela series. On page 59, in discussing the Appalachian province, the 
author points out that a “ glance at the map (Fig. 11) will show that there 
is more than a fortuitous parallelism between the long oil producing zones 
and the major folds.” Since figure 11 is a portion of the U. S. G. S. 
876 
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map showing the distribution of oil and gas fields in Pennsylvania, it 
gives absolutely no clue to the structure of the region except the arrange- 
ment of the oil fields. Again on page 85 we find the following sentence 
referring to the top of the Niagara limestone in Kentucky: “ This lime- 
stone does not produce oil or gas in the eastern part of the state (see Fig. 
41, p. 113).” On turning to page 113 we find a diagrammatic section 
from east to west across the Cincinnati anticline in southern Kentucky. 

There are other examples of this sort of thing, together with occasional 
references to figures which are not on the page to which the reader is 
referred, which do not show what it is claimed that they do show, or 
which are made to refer to two or more different things. This con- 
fusion is not important to the reader who has a fair general knowledge 
of the subject, but might prove disconcerting to one who is using the 
text as an introduction to American oil geology. 

The author has included in the text a large number of stratigraphic 
sections. Most of these are very good, but there seems to be no uni- 
formity in their presentation. In many of the sections the oil-bearing 
horizons are starred. In others a separate table of oil and gas horizons 
is given. The same lack of uniformity appears in many places in the text. 
In some places certain formation names are italicized and others are not, 
while in other places there are no italics. Just why these differences 
appear is not clear. 

The reviewer has a much more favorable opinion of the book itself 
than of its make-up. The tectonic classification appears to be a very 
logical one and the way in which each province is described is equally 
togical. The author discusses first the distribution of fields in each area 
followed by the tectonics of the area and its stratigraphy with a some- 
what detailed account of the producing horizons and the relation of 
production to structure. In some cases a number of fields in a single 
area are described, and in other cases the author contents himself with a 
description of a single field. Following each chapter is a brief bibliog- 
raphy which includes the more important recent articles dealing with 
the area under consideration. Here, again, the author’s choice has been 
judicious. 

In a text of this kind where correlations are of great importance, par- 
ticularly in the case of formations which extend across more than one 
tectonic area, a good index is essential; yet we find, to take a single 
example, that on page 138 in a paragraph of six lines reference is made 
to one structure and four oil sands, and in the next paragraph of the 
same length, to three pools and one fault line, and none of these names 
appear in the index. The counties in which the pools are located are 
also mentioned in the text but not in the index. 

It is to be regretted that a text which presents the essential facts of 
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American oil field stratigraphy in a very logical way, and with a com- 
pleteness which could not be surpassed in a book of this size, should be 
marred by the weaknesses to which the reviewer has referred. In spite 
of these defects the author presents his subject extremely well. The reader 
is not forced to wade through the usual number of chapters of generaliza- 
tions, many of which cannot be generally applied. There is need for a 
book of this kind and the reviewer feels that he can recommend it highly 
to all interested in the geology of the oil fields of the United States. 
W. V. Howarp. 


UNIVERSITY OF ILLINOIS, 
Urpana, ILLrnols. 


Tables for the Determination of Minerals by Means of their Physical 
Properties, Occurrences, and Associates. By E. H. Kraus and W. F. 
Hunt. 2d Ed. Pp. ix-+ 266. McGraw-Hill Book Co., New York, 
1930. Price, $3.00. 


The second edition of Kraus aand Hunt’s Tables differs little from the 
earlier edition. The tables contain the names of a few more minerals 
and varieties; the Introduction has been enlarged by references to several 
additional physical properties, and there is a new table in which the 
arrangement of the minerals is according to specific gravity. 

The book is so favorably known that a more detailed description of its 
contents is unnecessary. 

W. S. BayYLey. 


The Underground Geology of the Western Part of the Tonopah Mining 
District, Nevada. By T. B. Noran. Pp. 35, fig. 1, map. Univ. of 
Nevada Bull., vol. 24, no. 4. Reno, Nev., Aug., 1930. 


In this preliminary bulletin the author succinctly presents new views 
regarding the geology of this famous silver district. He differs entirely 
from Spurr in that he considers most of the volcanic rocks to be extru- 
sive and not intrusive and that the ores occur in several formations rather 
than being confined to one. He shows that the formations have been 
tilted to form a monocline reaching dips of 60° and that these folded 
beds are cut by a remarkable compound fault along which the rocks on 
the upper side have moved eastward about 1500 feet. Sympathetic faults 
have formed with it, and the faults have controlled the localization of 
the ore. One infers that the metallization is confined to a single period 
and not to the number of periods postulated by Spurr. This refreshingly 
new conception is supported by careful observations and logic and may 
be important in the economic life of the district. 

ALAN BATEMAN. 
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Petroleum: Facts and Figures. (Third edition.) American Petroleum 
Institute. Pp. 232. 1930. 


The third edition of this valuable reference book is somewhat smaller 
than its predecessor which was issued in 1929. All of the statistical 
tables appear to be retained, however, and the book provides the most com- 
plete and up-to-date figures on all phases of the oil industry available at 
the present time. 

W. V. Howarp. 
UNIVERSITY OF ILLINOIS, 
Urpana, ILLINoIs. 


Conservation of Our Natural Resources. Revision of Van Hise’s book 
under editorship of Loomis HAvEMEYER, by G. A. Rousn, F. H. 
NEWELL, H. S. Graves, G. S. WEHRWEIN, P. G. REpINGTON, and E. 
Hiceins, with foreword by Jonn Hays Hammonp. Pp. 551, figs. 91. 
Macmillan, New York, 1930. 


The revision of this well known book has been so drastic that it is 
almost completely rewritten. Modern viewpoints have been contributed 
by specialists and the statistical matter has been brought up to date. 
The individual chapters give an idea of its contents: Introduction (Have- 
meyer); Mineral Resources (Roush); Water (Newell); Forests 
(Graves); The Land (Wehrwein); Wild Life (Redington, Higgins) ; 
Conservation and Mankind (Havemeyer). 

In the revision, the part on mineral resources has been considerably 
shortened and the chapter on wild life has been added. The parts on land 
and water are comprehensive and particularly interesting. The book 
brings together much valuable material on natural resources and through 
careful editorship has been made highly readable. 


A German-English Technical and Scientific Dictionary. By A. WesEt. 
Pp. 887. E. P. Dutton & Co., New York, 1930. Price, $10.50. 
Geologists and other scientists who read scientific German realize the 

difficulty oftentimes in finding in ordinary dictionaries suitable transla- 

tions of German technical words. This volume is to supply such needs. 

It gives dependable translations of some 75,000 words used in the fields 

of chemistry, botany, engineering, mineralogy, and industrial technology. 

At the end there are 142 pages of botanical terms with corresponding 

English and German names. Latin type faces are used throughout. The 

book represents an enormous amount of work and should be invaluable 

to scientists and industrialists who wish for a dependable reference of 
ready translations of German technical words. 
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Oil and Gas in Oklahoma. Bulletins 40-PP to 4o-XX, Okla. Geol. Sur- 
vey, Norman, Okla., May, 1930 (July). A series of bulletins giving 
detailed discussions of geology and of oil and gas in the following 
counties: Jefferson, by J. R. Bunn; Cherokee and Adair, by I. H. Cram; 
Tulsa, by W. F. Cloud; Oklahoma, by A. Travis; Pottawatomie, by 
T. E. Weirick; Blaine, Dewey, Custer, and Roger Mills, by R. L. Six; 
Lincoln, by D. Radler; Beaver, Texas, and Cimarron, by R. L. Six; 
Hughes, by J. P. Boyle. 

Water Supplies for Cattle along the Kondoa Irangi-Handeni Route. 
By F. B. Wave. Pp. 24, pls. 6. Geol. Surv. Tanganyika Territory, 
Short Paper No. 5, 1930. 

Effect of Vacuum on Oil Wells. By B. E. Linpsty anp W. B. BeRWALp. 
Pp. vi-+ 133, figs. 63. U.S. Bur. of Mines Bull. 322, 1930. In gen- 
eral, pressure has advantages over vacuum in oil production except in 
town lot operations. 

Geology and Ore Deposits of the Wood River Region, Idaho. By J. P. 
Ump.esy, L. G. WEsTGATE, AND C. P. Ross, with a description of the 
Minnie Moore and nearby mines by D. F. Hewetr. Pp. 250, pls. 33, 
figs. 20. U.S. Geol. Surv. Bull. 814, Washington, 1930. Price, go cts. 
Detailed discussions of rocks, structure, history, and economic geology. 
Study of lode and contact-metamorphic deposits of silver-lead and gold. 
Excellent mine maps and sketches. Valuable contribution. 

Gas-Lift Method of Flowing Oil Wells (California Practice). By H. C. 
Mier. Pp. 118, figs. 45. U.S. Bur. of Mines Bull. 323, 1930. De- 
tails in use and results of various gas lift methods. 

The Mineral Industry of New Jersey for 1928. Pp. 29. Dept. of Cons. 
and Devel. of New Jersey, Geol. Ser. Bull. 34, 1930. 

Mineral Resources of Brazil (in English). By E. P. de Oliviera. Pp. 
28, figs. 12, maps 2. Serv. Geol. e Min. do Brasil. Rio de Janeiro, 
1930. Summaries of occurrence and brief descriptions of minerals. 

Report on Molybdenite Deposit at Azegour, Morocco. By L. Duparc. 
Pp. 31, colored maps and sections. Commercial report privately pub- 
lished by Le Molybdéne, Paris, April, 1930. An excellent brief sum- 
mary of geology and of molybdenum deposits. 

Zinc Smelting from a Chemical and Thermodynamic Viewpoint. By C. 
G. Mater. Pp. gt, figs. 19. U. S. Bureau of Mines Bull. 324, 1930. 
Price, 20 cts. 

Geology and Mineral Resources of Northwestern Alaska. By P. S. 
SMITH AND J. B. Mertig, Jr. Pp. 351, pl. 34, figs. 22, topog. and 
geol. maps in pocket. U. S. Geol. Surv. Bull. 815, 1930 (Sept.). 
Price, $1.00. A monographic treatment of results of several seasons 
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of work in the north; general descriptions, descriptive geology, pe- 
troleum, coal, gold placers, and miscellaneous economic geology. 

The Surface History of the Earth. By Joun Jory. 2d edition. Pp. 
211, figs. 11; map. Oxford Press,.1930. Price, $3.50... A revision of 
this well written and interesting book, partly amended to meet the 
drastic criticisms leveled at it. The hypothesis, now termed Theory 
of Thermal Cycles, to account for mountain building and revolutions 
by radioactivity, is essentially unchanged. 

Gallivare Malmfalt. By Per Greiyer. With Summary, of the Geology 
of the Gallivare Iron Ore Field, 9 pp., in English. Pp. 115, figs. 71, 
maps 4. Sver. Geol. Undersdkn. Ser. Ca, No. 22. Stockholm, 1930. 
Price, 10 kr. An exhaustive treatise on the petrology and origin of 
these large and classical iron ore deposits. Considered to be the meta- 
morphic equivalent of the Kiruna type. 

Geology and Ore Deposits of the Boulder Belt, Kalgoorlie, Australia. 
By F. L. StittweE i. Pp. 110, pls. 17, figs. 8, separate book of 13 large 
mine maps. West Australia Geol. Surv. Bull. 94. Perth, 1929 (July, 
1930). Detailed petrology; rock alteration; relation of ores to rocks; 
discussion of gold deposits. Valuable work. Mine maps on large 
scale particularly interesting. 

Geological Survey of Great Britain and Museum of Practical Geology; 
Summary of Progress for 1929: Part I. Pp. 100+ viii, figs. 7. H. 
M. Stationery Office, London, 1930. Price, 55 cts. plus postage. 

Ordnance Survey of Great Britain; Report of Progress, for year ending 
March 31, 1930. Pp. 22, diagrams 6. H. M. Stationery Office, London, 
1930. Price, $1.20 plus postage. 

Les Mines d’Or de Gondo. By M. Gysin. Pp. 123, figs. 61, map. Geol. 
de la Suisse, Ser. Geotech. XV., Berne, 1930. Price, 15 fr. Oc- 
currences and origin of gold veins and their exploitation. (In French.) 

Erzvorkommnisse des Biindner Oberlandes und ihre Begleitgesteine. By 
C. FrrepLAENDER. Pp. 70, figs. 8, pls. 3. Geol. der Schweiz, Geotech. 
Ser. XVI, Heft 1. Bern, 1930. Price, 8 fr. Discussion of rocks, 
and occurrences and origin of magnetite-copper deposits of Pun- 
taiglas; pyrrhotite of Darvela; pyrite-tourmaline deposits; zinc-lead- 
antimony deposits of Alp Nadéls; zinc-lead-copper deposits of Ruis. 

(In German. ) 

The Gypsum Industry of Canada. By L. H. Corr. Pp. 164, pls. 20, figs. 
23, map. Canada Dept. of Mines No. 714. Ottawa, 1930. Price, 
30 cts. Occurrences and production in each province; technology and 
uses; the industry and statistics. 





Copies of books mentioned under “ Reviews” or under our “ New Book List” 
(see advertisement page) may be purchased through our Journal Bookshop by 
writing to W. S. Bayley, University of Illinois, Urbana, III. 








SCIENTIFIC NOTES AND NEWS 





H. DeWitt Smith, of the Newmont Mining Corporation, is at present 
in London. 

Hans Schneiderhohn of Freiburg and Paul Ramdohr of Aachen, Ger- 
many, are preparing together a new book on the examination of ores under 
the microscope. 

William Burns, former manager of the N’Changa Mines in Northern 
Rhodesia, is now living at 21 Follen Street, Cambridge, Mass. 

William F. Prouty, professor of economic geology in the University 
of North Carolina, was a recent visitor in New Haven, Conn. 

W. E. Wrather, of Dallas, Texas, has returned home after a prolonged 
trip in Europe. 

D. M. Wallace has resigned his position with the Geo. F. Gatty Oil 
Company to take up general consulting work. 

E. B. Hopkins, consulting geologist of 25 Broadway, New York, will 
spend the winter in San Antonio, Texas. 

James A. Tong, after completing work for a Ph.D. degree at Johns 
Hopkins University, has taken the position of chief geologist for the 
Standard Oil Company of New York in Venezuela. 

Guy C. Riddell is in Russia as consultant to the State Non-Ferrous 
Metal Trust and adviser to the Soviet Department of Labor on Russian 
and Siberian questions. 

Van H. Manning, vice-president and director of research and engineer- 
ing for the Petroleum Research Corporation, has resigned to take up con- 
sulting practice in the petroleum industry at Forest Hills, Long Island, 
N.Y. 

W. W. Mein has returned to San Francisco after some time spent in 
Africa. 

Lawrence M. Gould, University of Michigan, geologist with the Byrd 
Antarctic Expedition, lectured before the National Geographic Society 
at Washington, D. C., on November 14, on the subject “ With Byrd to the 
Bottom of the World.” The next day he gave an informal talk about 
Antarctic geology to geologists of the Geological Survey. 

W. H. Whittier, of Berkeley, California, for ten years connected with 
the Royal Dutch Shell Company, has resigned to study for a Ph.D. degree 
in the University of California. 

Recent drilling at the Chino Mine, New Mexico, has added 30 million 
tons of ore to the reserves. 
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SCIENTIFIC NOTES AND NEWS. 883 

The Salyer Consolidated Mines Company have started what is said to 
be the largest and most important placer mining development in the his- 
tory of California and possibly of the world, when water was turned on 
their properties in Trinity and Humboldt Counties. 

The Washington Academy of Sciences was addressed on November 20 
by Adolph H. Schultz of the Johns Hopkins Medical School, on “ Man’s 
Place among the Primates,” as a part of the series on Origin and 
Evolution. 

The Shreveport Geological Society has elected the following officers for 
the year: President, S. C. Stathers, Standard Oil Company ; vice-president, 
C. L. Moody, Ohio Oil Company; secretary-treasurer, G. W. Schneider, 
Texas Company. 

The 16th annual meeting of the American Association of Petroleum 
Geologists will be held at San Antonio, Texas, March 19-21, 1931. 

The Geological Society of America will hold its 43d annual meeting at 
Toronto, Canada, December 29-31, under the auspices of the University of 
Toronto. The address of the retiring president, R. A. F. Penrose, Jr., 
will be delivered at the Royal York Hotel on December 29 at 8:00 P.M., 
on the subject “ Geology as an Agent in Human Welfare.” This will be 
followed by a complimentary smoker in the Royal York Hotel. The 
Dinner will be held on December 30. The associated societies will meet 
concurrently. The Society of Economic Geologists will meet in the Min- 
ing Building. 

Cassius A. Fisher, well known petroleum geologist of Denver, Colorado, 
a graduate of Yale, past member of the U. S. Geological Survey, and 
Treasurer of the Society of Economic Geologists, died at Denver on 
November 4. 





The recently published 20-volume index (336 pages) of Economic GroLocy for 
1905 to 1925, compiled by J. M. Nickles, may be obtained for $3.00 from W. S 
Bayley, University of Illinois, Urbana, IIl. 
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Adams, F. D., on difterential pressure 
on minerals and rocks, 603 
Adams, G. I., Origin of the white clays 
of Tuscaloosa age (Upper Cre- 
taceous) in Alabama, Georgia, 
and South Carolina, 621-626 
Ahlfeld, Friedrich, discussion by, 546 
Alabandite, Occurrence ~ relations 
(Hewett and Rove), 36 
paragenetic relations, 55 
Alabandite deposits, geologic classifi- 
cation, 53 
Alaska, The gold resources of 
(Smith), 
Moiybenite deposit at Shakan (Bud- 
dington), 197 
southeastern, geology and mineral 
deposits, 104 
Albite, 281 
Algoman dikes, 260 
Allen, R. C., on the Iron River iron 
district, 849 
Allen, Crenshaw, and Johnson, on 
mineral sulphides of iron, 249 
Alling, H. L., review by, 295 
Alteration of galena, general features, 
528 
Amalgam, 643 
Amblygonite, 281 
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centrifuge (Trask), 581 
Analyses of oil and gas from distilla- 
tion of recent sediments (Trask 
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472 
Anderson, A. L., The incipient oxida- 
tion of galena, 528-542 
Sequence of ore deposition in north 
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The Engels copper deposits, Cali- 
fornia, 14-35 
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Ankerite-chalcopyrite veins, Clark 
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Coeur d’Alene district, 168 
Apatite, 348 


A page number preceded by S refers 
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minerals (review), 220 
Arsenopyrite, 472, 479, 501 
Asphalt sands, 61 


Bacterial influence in ore deposition, 


243 
Ball clay, 833 
3ancroft, J. A., and Pelletier, R. A., 
on geology of Northern Rhodesia, 
366, 784 
Banded or schistose sulphide ores, The 
texture and origin of (Newhouse 
and Flaherty), 600 
Banding, explanation, 746 
Bandy, M. C., discussion by, 871 
Barker, T. V., review of book by, 774 
Barton, D. C., reviews by, 106, 
204, 207 
Bastin, E. S., on reduction of sulphate 
solutions, 242 
Bateman, A. M., The ores of the 
Northern Rhodesia copper belt, 
365-418 
editorials by, 87, 419 
obituary, Percy A. Wagner, 8&8 
preface to paper by S. e Lasky on 
Kennecott ore minerals, 737 
reviews by, 104, 106, 230, 551, 665, 
166, 775, 878 
on banded ores, 604 
on covellite-chalcocite relationships, 
362, 658, 739 
on Rhodesian copper deposits. 785 
and McLaughlin, D. H., on Kenne- 
cott ore deposits, 738 
Bauxite deposits, southern states, 625 
Bayley, W. S., review of book by, 107, 


665 

reviews by, 10 a 227, 229, 293, 206, 
427, 428, 551, 666, 670, 774, 775, 
878 


on the Menominee iron district, 845 

Beardmore-Nezah gold area, Ontario 
(Langford), 251 
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view of paper by, 297 
Berkey, C. P., and Morris, F. K., on 
geology of Mongolia, 759 
Bernic Lake tin deposits, 150 
Beryl, 282 
3eyschlag, F., on Mansfield copper de- 
posits, 243 
Bibliography, Beardmore-Nezah area, 
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inated, 563 
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Centrifugal analysis, standard condi- 
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quality related to geologic structure, 
So 
stages in rank, 687 
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metamorphism (Campbell), 675 
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Cobalt minerals, 764 
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Cromwell oil dome, Oklahoma, 326 

Cross-sections, exaggerated, The plot- 
ting and measurement of (Went- 
worth), 827 

Crystal Falls district, 849 

Crystals, study of (review), 774 
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Cuyuna district, 848 
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ores, 243 

on schistose orebodies, 600 

Enargite, 730, 745 

Engels copper deposits, California 
(Knopf and Anderson), 14; 
(discussion), 420 

Environmental basis of social geog- 
raphy (review), 666 

Erdmannsdorffer, O. H., on alteration 
at Harzburg, Germany, 18 

Etta spodumene mine, 282 

Evans, J. W., and Stubblefield, C. J., 
review of book by. 427 

Eve, A. S., and Keys, D. A., review of 
book by, 229 

Experiments bearing on the biochemi- 
cal reduction of sulphate waters 
(Thiel), 242 

Experiments, petroleum in limestone, 
720 

solution of silica in hot water, 700 


Fairbanks, H. W., on mineral deposits 
of eastern California, 305 

Fairchild, J. G., analyses by, 40 

Faulting, Boleo district, Lower Cali- 
fornia, 125 

Panamint silver district, 313 

Fenner, C. N., discussion by, 420 

Ferrous minerals, oxidation, 704, 706 

Fettke, C. R., on oils in coals, 241 

Field mapping satisfactions, 208 

Filter sand, 60 

Fire or furnace sand, 62 

Fissures and joints as oil reservoirs, 
406 

Flaherty, G. F., with Newhouse, W. 
H., The texiure and origin of 
some banded or schistose sulphide 
ores, 600-620 

Florence district, 849 

Foliated talc, 808 

Fordham, W. H., review of paper by, 
106 

Foreman, F., on gold bombs for hy- 
drothermal experiments, 701 

Formula for acceierating centrifuge 
velocity, 589 

Foundry sands, 62 

Fourmarier, P., on geologic map of 
Belgian Congo, 784 

Fox, C. S., definition of sand, 57 

Freibergite, 560 





Freise, F. W., The diamond deposits 
on the upper Araguaya River, 
Brazil, 201-207 

Fuchs, E., on the Boleo copper de- 
posit, 123, 138 

Fulda, Ernst, and others, review of 
book by, 428 

Fusain, 296 


Galena, 352 
reactions in alteration of, 529 
replacement by anglesite, 531 
texture, 615 
Galena, The incipient oxidation of 
(Anderson), 528 
a River, diamond deposits, 206 
Gardner, J. H., on rock distortion in 
oil fields of Oklahoma, 327 
Garnet, 870 
Gas from sediments, analyses of, 237 
Gavin, M. J., on oil shale, 241 
Gay-Lussite, A new locality of, in 
eastern Mongolia with associated 
natural soda (Niinomy), 758 
Geijer, Per, editorial, Official record- 
ing of mining geology, 543 
Genesis (see also Origin) 
Cobalt ores, 646 
copper ores at Engels, 34; north 
Idaho, 161 
lodestone, 871 
Genesis of the emery deposits near 
Peekskill, New York (Gillson 
and Kania), 506 
Geochemie in ausgewahlten Kapiteln 
(review), 670 
Geologic column, N’Kana Concession, 
370 
Geologic maps (see also — 
Beardmore- Nezah area, Ontario, 
Engels mine area, 19 
Lower California, central, 114 
N’Kana Concession, Northern Rho- 
desia, 371 
Panamint mining district, 308 
Shatford Basin area, Manitoba, 145 
“Virginia Horn” of the Mesabi 
Range, 855 
Geological nomenclator (review), 
Geology, Araguaya River (upper) 
region, Brazil, 201 
Beardmore-Nezah area, Ontario, 
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252 
Boleo district, Lower California, 
117, 126 


Cobalt district, 487 

Engels area, California, 18 
Katanga copper belt, 786 
Peekskiil emery deposits, 509 
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Geology—C ontinued 
Rhodesian copper belt, 369 
ee Basin area, Manitoba, 145 
Sudbury region, 356 
Tin Mountainn spodumene deposit, 
276 
Geileew of the Panamint silver dis- 
trict, California (Mac Murphy), 
305 
Gersdorffite, 358, 472, 482, 503 
Gilbert, G., on marcasite, 316 
Gillson, J. L., on contact metamor- 
phism near Blue Hill, Maine, 606 
review of paper by, 667 
and Kania, J. E. A., Genesis of the 
emery deposits near Peekskill, 
New York, 506-527 
Gogebic district, $37 
Gold, 353 
3eardmore-Nezah area, Ontario, 
251 
precipitation requirements, S115 
recrystallization in Rand, S172 
reserves of Alaska, 187 
and pyrite in Rand, relation, $138 
Gold deposits, Hydr sei geved origin of 
the Rand (Graton), 
Gold resources of yaw (Smith), 


17 
Goldschmidt, C., on chalcocite, 134 
Gottschalk, V. H., and Buehler, H. A., 
on oxidation of galena, 528 
Grabau, A. W., on sinkhole in Dundee 
limestone, 464 
Graphic intergrowih of niccolite and 
chalcopyrite, Worthington mine, 
Sudbury (Lausen), 356 
Graphic texture, origin, 361 
Graphs, colors of shale, 338 
Graton, L. C., Hydr othermal origin of 
the Rand gold deposits, S1-185 
on copper in Shasta County, Cali- 
fornia, 601 
and Murdoch, J., on microchemical 
tests, 765 
and ot ee D. H., on Engels 
copper ores, 16 
Grawe, O. R., Study of the black 
shale overlying the cap rock of 
the Cromwell sand in relation to 
the origin of ihe Cromwell oil 
dome, Oklahoma, 326-347 
Gray, Anton, The correlation of the 
ore-bearing sediments of the Ka- 
tanga and Rhodesian copper belt, 
783-804; on the N’Kana Conces- 
sion, 366 
and Parker, R. J., on copper de- 
posits of Northern Rhodesia, 785 





Gregory, J. W., on origin of gold in 
Rand banket, S8& 

Grenada clay, 834 

Grigoriev, G., on mineral intergrowths 
in ores, 660 

Grinding sand, 61 

Ground water circulation in the Bi- 
wabik formation, 857 

Grout, F. F.. review by, 667 

Gruner, J. W., Hydrothermal o-xida- 
tion and leaching experiments; 
their bearing on the origin of Lake 
Superior hematiie-limonite ores, 
697-719, 837-867; on lodestone, 
871 

Guelph formation as oil reservoir, 468 

Guild, F. N., on intergrowth of chal- 
cocite and bornite, I 

on microscopic study of silver ores, 
659 
on silver ore minerals, 3 

Gypsum, Boleo district, Lower Cali- 
fornia, 119 

Gypsum resources and gypsum in- 
dustry of New York (review), 
205 


Handbook of the geology of Great 
Britain (review), 427 

Hanson, G., on schistose orebodies, 
600 

on the Mandy orebody, 611 

Harder, E. C., and Johnston, A. W., 
on the Cuyuna iron district, 848 

Hardman, E. T., on relative solubility 
of calcite and dolomite, 459 

Harshaw district, Arizona, alabandite, 


43 
Havemeyer, L., review of book edited 


by, 879 
Hematite-limonite ores, Lake Superior, 
607, 837 : ; 
Hess, F. L., on Keystone pegmatites, 
282 
on molybdenite deposits in Alaska, 
107 


Heulandite, 132 

Hewett, D. F., and Rove, O. Oc- 
currence and relations of disbood. 
ite, 36-56 

Higgins mine, alabandite rock, 37 

Hoffman, R. D., discussion by, 285 

Hoisting machinery, ancient, 76 

Holly Springs clay, 834 

Holmes, A., review of book by, 666 

Hornfels, Peekskill area, 517 

Horwood, C. B., on gold deposits of 
the Rand, S8 
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Hotchkiss, W. O., on geology of Go- 
gebic range, 716 
on Gogebic ore bodies, 837 
Howard, W. V., reviews by, 420, 876, 
879 
and Love, W. W., Some properties 
of limestone as a reservoir rock, 
720-736 
Hulin, C. D., A Moiher Lode gold ore, 
348-355 
on metallization from basic magmas, 
863 
Humboldt mine, Arizona, 45 
Hunt, C. B., list of books received, 
297, 430, 553 
Huntington, C. C., and Carlson, F. A., 
review of book by, 666 
Hydrothermal deposition of Rand 
gold, S119 
Hydrothermat origin of the Rand gold 
deposits (Graton), St 
rs {end oxidation and leaching 
experiments ; their bearing on the 
origin of Lake Superior hema- 
tite-limonite ores (Gruner), 697, 
837 
Hydrothermal solutions, sources, 862 


Idaho, north, ore deposition in, 160 

Incipient metamorphism, stages, 687 

Incipient oxidation of galena (Ander- 
son), 5 28 

Incipient rock metamorphism, Coal as 
a recorder of (Campbell), 675 

Indications of ore, surface, Rhodesia, 
384 

Intergrowths of chalcocite and born- 
ite, 304 

Intrusives, Beardmore-Nezah area, 
261 

Iron deposits of Sierra de Imataca, 
Venezuela, 99, 549 

Iron formation, Beardmore-Nezah 
area, Ontario, 255, 258, 266 

Iron ore, occurrence in synclines, 858 

Iron River district, 849 

Ironwood formation, 837 
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Jackson clay, 835 

Jackson Purchase region, Kentucky, 
832 > 

Jeans, James, review of book by, 230 

Jefferson County, Montana, alabandite, 
48 

Johnston, R. A. A., on stromyerite, 
645 

Jonas, A. I., on the Piedmont of Vir- 
ginia, 805 

Jones, W. R., on tin deposits, 157 
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Joralemon, I. B., on Ajo copper ores, 
E J 


407 


Kania, J. E. A., with Gillson, J. L., 
Genesis of the ewery deposits near 
Peekskill, New York, 506-527 

Karrick, L. C., on testing oil ike 241 

Katanga, map, cited, 784 

Katanga and Rhodesian copper belt, 
The correlation of the ore-bear- 
ing sediments of the (Gray), 783 

Katanga ores, 414 

stratigraphic position, 800 
Keep, F. E., discussion by, 219, 425 
Keewatin rocks, 252, 254 

Cobalt area, 488 

Kennecott ore minerals, A colloidal 
origin of some of the (Lasky), 

i eT, 

Kennecott ores, geologic relations, 740 

Keniucky, Jackson Purchase region 
clays, 832 

Keweenawan diabase flows, 262 

Keweenawan dikes, 488 

Keys, D. A., with Eve, A. S., review 
of book by, 229 

iXindle, E. M., on erosion surfaces in 
unconformities, 466 

Klaprothite, 437 

Knopf, Adolph, review of book 
225 

on radium age determination of 
Chinkolobwe deposits, 375 

and Anderson, C. A., The Engels 
copper de one. California, 14-35 

Koeberlin, F. discussion by, gl 

Kraus, E. i “aon Hunt, W. F., re- 
view of book by, 878 

Krejci, Karl, review of book by, 429 

Krivoy Rog iron ores, 719 

Krusch, P., on genesis of copper de- 
posits, 1390 

Kundelungu series, 
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Lake Superior geosyncline, 717 

Lake Taboos-nor, eastern Mongolia, 
758 

Landes, K. K., on Keystone pegma- 
tites, 282 

Lane, A. C., on Traverse formation, 
469 

Laney, - B., on bornite and chalco- 
cite, I, 361 

Letietiad G. B., Beardmore-Nesah 
gold area, Ontario, 251- 269 

Lasky, S. G., A colloidal origin of 
some of the Kennecott ore min- 
erals, 737-757 

Lattice intergrowth, 400 
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Lausen, Carl, Graphic intergrowth of 
niccolite and chalcopyrite, Worth- 
ington mine, Sudl wade _ 356-364 

Lava flows, Beardmore-Nezah area, 
Ontario, 255 

Leaching, field evidence, 460 

of silica from iron formations, 698 

Lead-silver veins, Idaho, 167 

Leith, C. K., on the Mesabi iron dis- 
trict, 850 

Lepidolite, 281 

Levorsen, A. I., on stratigraphic corre- 
lation in Oklahoma, 328 

Lewis, J. V., on shale, 330 

Liesegang, R. E., on geologic dif- 
fusion, 141 

Limestone as a reservoir rock, 

Limestone oil reservoirs of the north- 
eastern United States and of On- 
tario, Canada (Murray), 452 

Limestones, their ng distribution 
and uses (review), 774 

Limonite crusts, 563 

Limonite sponge, 50i 

Limonite types derived from bornite 
and tetrahedrite (Blanchard and 
Boswell), 557 

Lindgren, Waldemar, Pseudo-cutectic 
textures, 1-13 

on Coeur d’Alene district, 171 

on gei replacement, 739 

on mesothermal deposits, 440 

on mineralization at Blue Hill, 
Maine, 606 

and Irving, J. D., on schistose ore- 
bodies, 600 

Lindley, H. W., on_micrography of 
iron minerals, 28 

Linnaeite, 388 

Little Chief porphyry, 311 

Localization of Rhodesian copper ores, 
4II 

Locke, Augustus, editorial, The satis- 
factions of field mapping, 208 

Short, and Hall, on en of 
sulphide minerals, 

Lodes carrying gold in Alaska, 184 

Lodestone, artificial, $7 

genesis, 871 
occurrence, 872 
relation to magnetite, 871 

Loellingite, 472, 483, 503 

Loess and recent clay s, Kentucky, 835 

Longwell, C. R., review of book by, 





/ . 
Lovering, T. S., on leaching of iron 
protores, 699 
on organic precipitation of metallic 
copper, 242 


Lower California, central, geologic 
map, 114 

Lubilash beds, 790 

Lufubu system, 787 

Lull, R. S., review of book by, 228 


Macco, A., on Krivoy Rog iron ores, 
719 
McLaughlin, D. H., review by, 225 
Mac Murphy, F., Geology of the Pan- 
amint silver district, California, 
305-325 
Magmatic, current synonyms, 15 
Magnetite. oxidation, 708 
relation to lodestone, 871 
Mahadevan, £3 review by, 206 
Mammoth mine, Shasta County ores, 
601 
Mandy orebody, Manitoba, 611 
Manhattan schist, 510 
Manitoba, tin deposits, 145 
Maps (see also Geologic maps)— 
Alaska, lode gold deposits, 186 
Araguaya River (upper) region, 
Brazil, 202 
Boleo district, Lower California, 
116 
Coal fields surrounding the Ozark 
dome, 683 
Katanga copper belt, 786 
Lake Superior region, distribution 
of intrusives, 711 
Panamint silver district, location, 


307 
Peekskill district, 508 
Placer areas of Alaska, 180 
San Juan basin showing increase in 
coal rank, 686 
Structure contour, of Cromwell oil 
field, 329 
Tin Mountain mine, location, 277 
Tuscaloosa formation, 622 
Virginia, distribution of tale and 
soapstone deposits, 806 
Marcasite, 314 
Marquette district, 849 
Marr, J. E., review of book by, 229 
Martite, 851 
Marvel dolomitic limestone, 309 
Matildite, 644 
Maucherite, 359 
Maufe, H. B., on extension of Kala- 
hari Desert, 383 
Veasurement, The plotting and, of 
exaggerated cross-sections (Went- 
worth), 827 
Mechanical analyses of sediments by 
centrifuge (Trask), 581 : 
Mela-norite, Peekskill area, 511 
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Mellor, E. T., on Witwatersrand gold 
deposits, S8 

Menominee district, 845 

Mertie, J. B., on mclybdenite in Ket- 
chikan district, 197 

Mesabi district, 850 

Mesh pattern intergrowth in Rho- 
desian ores, 401 

Metagabbro, 810 

Metagabbro-metapyroxenite rocks, 
origin, 816 

Metamorphism, definition, 676 

incipient stages, 687 

Metapyroxenite, 810 

Microchemical tests, 765 

Microcline, 280 ; 

Microphotographs (see Photomicro- 
graphs ) 

Middle Park formation, 311 

Middleton, G. A., definition of sand, 


5 
ine H. A., review of book by, 293 
Migration of oil through crushed lime- 
stone, 721 
Milan mine, Coos County, ores, 606, 
609 
Miller, W. G., on dyscrasite at Co- 
balt, 644 
Millerite, 644 
Milner, H. B., review of book by, 107 
Mineral replacement hypothesis, 10 
Mineral Hill mining district, 290 
Mineralization, copper ore, Boleo, 131; 
Rhodesia, 387 
molybdenite deposit, Alaska, 197 
Mother Lode gold ore, 351 
Sudbury ores, 364 
Mineralogy, copper veins of Idaho, 164 
metagabbro-metapyroxenite rocks, 
816 
Panamint silver ores, 320 
Tin Mountain spodumene mine, 279 
Mineralogy (review), 203 
Mining, Panamint district, 306 
Santa Rosalia district, 115 
Mining Corporation mine, minerals 
from, 491 
Mining geology, official recording, 543 
Mining methods (review), 552 
Mining placers in Alaska, 183 
Mississagi quartzite, 357 
Mitke, C. A., review of books by, 552 
Molybdenite deposit at Shakan, 
Alaska (Buddington), 197 
Moore, E. S., on origin of iron ore, 
259 
Morse, H. W., and Locke, A., on 
leached outcrops, 558 


Moses and Luquer, on alabandite from 
Tombstone, 42 

Mother Lode gold ore (Hulin), 348 

Mother Lode system of California 
(review), 225 

Mountain Girl congiomerate-quartzite, 
311 

Mutulira mine, plan, 378 

Munn, M. J., on oil production in 
Spring Creek area, 467 

Murphy, F. M., Geology of the Pana- 
mint silver district, California, 
305-325 

Murray A. N., Limestone oil reservoirs 
of the northeastern United States 
and of Ontario, Canada, 452-469 

and Love, W. W., on action of or- 

ganic acids on limestone, 458 

Muscovite, 281 

Mutundo series, 372 

Muva quartzite, 792 

Muva system, 787 

M’Washia group, 788, 795 


Nagyag, Hungary, alabandite, 50 
Natron, 759 
Natural resources, conservation, 879 
Nelson, E. W., on Lower California, 
114 
New locality of Gay-Lussite in eastern 
Mongolia with associated natural 
soda (Niinomy), 758 
Newhouse, on lodestone, 871 
on marcasite, 316 
and Flaherty, G. F., The texture 
and origin of some banded or 
schistose sulphide ores, 600-620 
Newland, D. H., review of book by, 
295 
Newmann, F. R., on origin of Cre- 
taceous white clays, 623 
New York State, ouiline map, 507 
Niccolite, 359, 638 
Niccolite and chalcopyrite, Worthing- 
ton mine, Sudbury, Graphic inter- 
.. growth of (Lausen), 356 
Niinomy, K., A new locality of Gay- 
Lussite in eastern Mongolia with 
associated natural soda, 758-763 
Nipissing mine, minerals from, 492 
Nishihara, G. S., on action of sul- 
phuric acid on galena, 529 
Nolan, T. B., review of paper by, 878 
Non-metallic mineral products (re- 
view), 665 
Norite, Peekskill area, 511 
North, F. J., review of book by, 774 
Northern Rhodesia copper belt, The 
ores of the (Bateman), 365 
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Obrien mine, minerals from, 497 
Occurrence and relaiions of alabandite 
(Hewett and Rove), 36 
Occurrence of iron ore in synclines, 
858 
Octahedral intergrowths of chalcocite 
and bornite, 396 
Oden, S., on size distribution of soil 
particles, 581 
Offenbanya, Hungary, alabandite, 50 
Oil (see also Petroleum) 
migration through crushed lime- 
stone, 721 
and water, relations in limestone, 722 
Oil and gas from distiliation of recent 
sedime i Analyses of (Trask and 
Wu), 23 
Oil field maps (review ), 5: 
Oil fields in the United States (re- 
view), 876 
Oil reservoirs, Limesione, of the north- 
eastern United Slates and of On- 
tario, Canada (Murray), 452 
Okamura, Y., on minerals of eastern 
Mongolia, 761 
Olmstead, Alexander, and Middleton, 
on mechanical analyses of soils, 
581 
Oltay, Karl, review of paper by, 294 
Opal, 132 
Optical mineralogy, Elements of (re- 
view), 552 
Orcel, J., on microscopic examination 
of metallic minerals, 273 
Ore deposition in north Idaho, 
Sequence (Anderson), 160 
Ore minerals, Synthetic sulphide re- 
placement of (Kay), 433 
Ore-bearing sediments of the Katanga 
and Rhodesian copper belt, The 
correlation of the (Gray), 783 
Ores banded by flowage, 604 
Ores of the Northern Rhodesia copper 
belt (Bateman), 365 
Organic evolution (review), 228 
Origin (see also Genesis) 
Boleo copper deposit, 138 
chromite, 219 
chromite deposits (discussion), 425 
emery i Peekskill, New 
York, 
gold vee, a area, 
Ontario, 267 
graphic texture, 361 
Lake Superior hematite-limonite 
ores, 697, 837 
lodestone, 871 
metagabbro-pyroxenite rocks, 816 
molybdenite deposit, Alaska, 198 
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Origin—Continued 
Panamint silver deposit, 323 
Rhodesian copper deposits, 410 
tin deposits, Bolivia, 546 
Origin of the Boleo copper deposit. 
Lower California, Mexico (Tou- 
waide), 113 
Origin of the Rand gold de pe Hy- 
drothermal (Graton), 
Origin of the talc and eae de- 
posits of Virginia (Burfoot), 805 
Origin of the white clays of Tusca- 
loosa age (Upper Cretaceous) in 
Alabama, Georgia, and South 
Carolina (Adams), 621 
Orthotectic, use of term, 17 
Orton, E., on calcium-magnesium ratio 
of Onondaga limestone, 460 
Osborne, F. F., review by, 104 
on polarizing microscope, 739 
Oxidation, experiments, 712 
ferrous minerals, 704 
Panamint district, 
Rhodesian copper ores, 381 
Oxidation, The incipient, of galena 
(Anderson), 528 
Ozark Dome, coal fields surrounding, 
683 


Panamint Range, 309 
Panamint silver district, California, 
Geology of the (Mac Murphy), 
305 
Paragenesis, alabaidite, 55 
Boleo copper ore, 136 
Cobalt minerals, 647 
Kennecott ores, 742 
Panamint silver ores, 322 
Rhodesian ores, 405 
Pardee and Jones, on manganese ore 
in Nevada, 47 
Park, C. F., with Schwartz, discussion 
by, e 
Parker, F. S., list of books received, 
108, ee 
Parsons, A. L., on Cobalt minerals, 


639 

Dear OH. M., review of book by, 775 

Peach, B. N., and Horne, John, re- 
view of book by, 775 

Peekskill, New York, Genesis of the 
emery deposits near (Gillson and 
Kania), 506 

Fegmatites, tin-bearing, eastern Mani- 
toba, 145 

Pentlandite, 359 

Percentiles for size distribution of 
sediments, 593 

Permeability, S48 
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Petrographic methods and calculations 
(review), 6 
Petrography, sedimentary, 107 
shale of Cromweli oil field, 331 
Petrography of the Pioche district 
(review), 667 
Petroleum as a recorder of slight 
metamorphic action, 677 
Photomicrographs, alabandite ore, 44 
alpha brass, 617 
apatite, 349 
Bonanza mine ores, 748, 752, 753 
bornite and chalcocite replacements, 


443-449 
Blue Hill, Maine, ores, 609 
Cobalt ores, 490, 493, 499, 502, 504 
chalcocite growth, 135 
chalcopyrite, deformed, 618; unde- 
formed, 617 
colioiorm structures in ore, 750 
galena, deformed, 618; replaced by 
anglesite, 534; by covellite, 539 
graphic intergrowths, 661 
Jumbo mine ores, 749 
Keewatin iron formation, 257 
Keweenawan diabase, 264 
Kern prospect ores, 315 
lamellar microstructure of blue and 
white chalcocite, 397 
lattice intergrowth of chalcocite and 
bornite, 400 
linnaeite intersected by veinlets of 
bornite, chalcopyrite, and chalco- 
cite, 389 
magnetite showing incipient oxida- 
tion, 709 
Maucherite-niccolite vein cutting 
gersdorffite, 360 
mesh structure, chalcocite veining 
and replacing chalcopyrite, 403 
minerals of Cobalt ores, 641 
Mother Lode mine ores, 748 
ores from Panamint district, 321 
rim pattern intergrowth of chalco- 
cite and bornite, 402 
Santa Rosalia copper ore, 130 
steatite and soapstone, 811, 814 
stromeyerite in tennantite, 2 
subgraphic intergrowth of bornite 
and chalcocite, 395 
tin-bearing pegmatite, 155 
Piedmont province, formations, 805 
Pillow lava, 254 
Pioche district, petrography (review), 
667 
Pirow, H., on pebbles in the Rand 
banket, S8 
Placer gold deposits, Alaska, 179 


Plans— 
Engels ore bodies, 26 
Roan Antelope ore bed, 377 
Tin Mountain mine, 279 
Plaster sand, 62 
Platinum deposits and mines of South 
Africa (review), 102 
Pleistocene, Boleo district, 122 
Pleistocene loess, Kentucky, 835 
Plotting and measurement of exagger- 
ated cross-sections (Wentworth), 
827 
Plutonic rocks, Beardmore-Nezah area, 
Ontario, 255 
Pneumatolytic, use of term, 17 
Pneumotectic, use of term, 17 
Poland, geological activities, 771 
mineral production, 772 
P olehen sections, Thinned (Donnay), 
70 
Polishing sand, 61 
Pollucite, 276, 281 
Polybasite, 644 
Porosity, S48 
of rocks, 453 
produced by leaching, 459 
Porters Creek clay, 833 
Posnjak, Allen, and Merwin, on chal- 
cocite, 393; on copper sulphides, 


135 
Post-emergent porosity of rocks, 458 
Potters’ sand, 61 
Powers, Sidney, on stratigraphic 
correlation in Oklahoma, 328 
Precipitation of gold, requirements, 


S115 
Primary porosity in limestones, 454 
Prospecting, ancient, 67 ; 


Proustite, 645 

Pseudo-eutectic texture, 658; of chal- 
cocite, 398 

Pseudo-eutectic textures (Lindgren), 
I 

Purple quartzite series, 372 

Pyrargyrite, 645 

Pyrite, 351, 3890 

and bornite limonite sponges dis- 

criminated, 561 

Pyrite and gold in Rand, relation, 
$138 


Qualitative and quantitative determina- 
tion of the ores of Cobalt, Ont. 
(Thomson), 470, 627 

Quartiles for measuring sediments, 
504 

Quartz diorite, 22 

Quartz monzonite, 23 
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Radcliff formation, 311 
Radium age determinations of Chinko- 
lobwe. deposits, 375 
Railroad ballast sand, 62 
Ramdohr, P., on magnetite and ilmen- 
ite, 28 
on Rammelsberg ores. 613 
Rammelsberg, Germany, copper de- 
posit, 613 
Rammelsbergite, 472, 483, 
Rand, channelways, S43 
gold, hydrothermal deposition, S119 
Rand gold depostis, Hydrothermal 
origin of the (Graton), SI 
Ranks of coal, 679 
Ransome, F. L., on Bisbee ores, 37 
on graphic textures, 362 
and Calkins, on Coeur d’Alene dis- 
trict, 160 
Kay, J. C., Synthetic sulphide replace- 
ment of ore minerals, 433-451 
Reactions in alteration of galena, 529 
Read, T. T., on the Engels copper de- 
posit, 16 

Recent surficial clays, Kentucky, 836 

Redlands doiomitic limestone, 311 

Reed, W. M., review of book by, 670 

Reinecke, L., on gold-bearing reefs of 
the Witwatersrand, S8 

Relief limonite, 567 

Relief of surface and relation to por- 
osity, 465 

Replacement, Synihetic sulphide, of 
ore minerals (Ray), 433 

Replacement of tennantite by stro- 
meyerite, 8 

Reviews— 

The accuracy of relative gravity 
measurements with E6tvés torsion 
balance (Oltay), Barton, 

Applied geophysics in the search for 
minerals (Eve and Keys), Barton, 


503 


Asia: an economic and_ regional 
geography (Stamp), 666 
Chapters on the geology of Scotland 
(Peach and Horne), Bateman, 775 
College textbook of geology—Part 
Il, Historical geology (Chamber- 
lin and Salisbury; revised by R. 
T. Chamberlin and MacClintock), 
Bateman, 551 
Conservation of our natural re- 
sources (Havemeyer, editor), 879 
Deposition of the sedimentary rocks 
(Marr), Bayley, 229 
Determinate mineralogy (Das 
Gupta), Bayley, 296 





Reviews—Continued 
The earth for Sam; the story of 
mountains, rivers, dinosaurs, and 
men (Reed), 676 
Economic geology (Ries), Bateman, 
230 
Elements of optical mineralogy 
(Winchell and Winchell), 552 
Environmental basis of social geog- 
raphy (Huntington and Carlson), 
Bateman, 666 
Fusit; Vorkommen, Entstehung und 
praktische Bedeutung der Fas- 
erkohle (Stutzer and _ others), 
Bayley, 296 
Geochemie in ausgewahlten Kapiteln 
(Vernadsky), Bayley, 670 
Geological nomenclator (Rutten), 
Bateman, 106 
Geology and mineral deposits of 
southeastern Alaska (Buddington 
and Chapin), Osborne, 104 
Geophysical surveying (Fordham), 
Barton, 106 
The gypsum resources and gypsum 
industry of New York, (New- 
land), Alling, 295 
Handbook of the geology of Great 
Britain (Evans and Stubblefield), 
Bayley, 427 
Das Kali (Fulda and others), Bar- 
ton, 428 
Limestones, their origins, distribu- 
tion, and uses (North), Bayley, 
774 
Measurements of relative gravity by 
reference method with use of 
wireless control of the coincidence 
apparatus (Berger and Mader), 
Barton, 297 
Mineralogy, an introduction to the 
scientific study of minerals 
(Miers) Bayley, 203 
Mining methods ( Mitke), 
Mining of alluvial deposits b 
ing and_ hydraulicking 
and Hooke), Bayley, 551 
The Mother Lode system of Cali- 
fornia (Knopf), McLaughlin, 225 
The nature of the physical world, 
104 
Non-metallic mineral products (ex- 
cept building stones) (Bayley), 
Bateman, 665 
Oil field maps (Wells), 552 
Oil fields in the United States (Ver 
Wiebe), Howard, 876 
Organic evolution (Lull), Wanless. 


228 





, dredg- 
Thorne 
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Reviews—Continued 
Outlines of physical geology (Pirs- 
son and Schuchert) (Longwell), 
Petrographic methods and calcula- 
tions (Holmes), Bayley, 666 
Petrography of the Pioche district, 
Lincoln County, Nevada (Gill- 
son), Grout, 667 
Petroleum; facts and figures (Am. 
Petrol. Inst.), Howard, 879 
The platinum deposits and mines of 
South Africa (Wagner), Bayley, 
102 
Die Rumianischen Erdollagerstatten 
(Krejci), Howard, 429 
Sedimentary petrography (Milner), 
3ayley, 107 
Structure of typical American oil 
fields, Bayley, 426 
The study of crystals (Barker), 
3ayley, 774 
Tables for the determination of min- 
erals by means of their physical 
properties, occurrences,’ and asso- 
ciates (Kraus and Hunt), Bayley, 
878 
The underground geology of the 
western part of the Tonopah min- 
ing district, Nevada (Nolan), 
3ateman, 878 
The universe around us (Jeans), 
Bateman, 230 
Vorkommen und Geochemie der 
mineralischen Rohstoffe (Berg), 
3ayley, 227 
Rhodesian copper belt, geology, 369; 
physical features, 368 
Rhodesian copper ores, stratigraphic 
position 797 
Ries, H., review of book by, 230 
and Watson, definition of sand, 59 
Rim pattern intergrowth in Rhodesian 
ores, 40I 
Ripley clay, 833 
Rison and Bunn, on the Cromwell oil 
field, 326 
Roan series, 372, 788 
Roan Antelope ore bed, sketch plan, 


377 
Roberts, J. K., Clays of the Jackson 
Purchase region, Kentucky, 832- 
836 
Rogers, A. F., on graphic textures, 
362 
on intergrowth of chalcocite and 
bornite, 1 
on origin of copper ores, 137 
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Rogers, A. F.—Continued 
on upward secondary sulphide en- 

richment, 440 

Rogers, G. S., on Peekskill emery de- 
posits, 5 

Rogers, H. D., on Pennsylvania coals, 
678 

Roojing sand, 61 

Roumanian oil deposits, 429 

Rove, O. N., with Hewett, D. F., Oc- 
currence and relations of alaband- 
ite, 36-56 

Royce, S., on Lake Superior iron de- 
posits, 849 

Rozen, Z., communication by, 771 

Rubey, W. W., on fine-grained Cre- 
taceous sediments, 581 

Rutten, L., review of book by, 106 

Rush claims, Bernic Lake, 153 

Ryan, C. W., on the origin of soap- 
stone, 823 


Safflorite, 472, 484, 504, 764 
Sagui, C. L., Economic geology and, 
allied sciences in ancient times, 
65-86 
St. Clair, S., on Irvine oil field, 457 
Salada formation, 3oleo district, 120 
Sampling in Cromwell oil field, 327 
Sand, definitions, 57 
sieve tests, 63 
Sand blast, 60 
Santa Rita mine, zeolitization, 143 
Santa Rosalia, 114 
Scapolite, 869 
Schellbourne, Nevada, alabandite, 47 
Schisted galena, Coeur d’Alene, 605 
Schneiderhohn, H., on chalcocite, 135 
on inversion of chalcocite, 25 
on microscopic determination of 
ores, 601 
on unmixing, 362 
Schoep, A., on Katanga ores, 415 
Schrader and Hill, on Santa Rita min- 
eral deposits, 43 
Schwartz, G. M., The Tin Mountain 
spodumene mine, Black Hills, 
South Dakota, 275-284 
on graphic intergrowth, 434 
on triangular pseudo-eutectic text- 
ure, 398 
and Park, C. F., discussion by, 658 
Scientific notes and news, I11, 233, 
302, 431, 555, 673, 780, 882 
Scotland, geology (review), 775 
Scoville, H. F., on an oil well at Terre 
Haute, Indiana, 466 
Scrivenor, J. B., discussion by, 663 
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Searle, A. B., definition of sand, 
Secondary porosity in ell soso fe 
Sections (see also cross sections ) 
alabandite rock, 40, 46 
3eardmore area, Ontario, 265 
Boleo district, Lower California, 125 
iron formation of Gogebic district, 
¢ 838 
Jack Nutt mine, Bernic Lake, 151 
Lower California, 115 
-anamint mining district, 308 
Roan Antelope mine, 378 
Santa Rosalia ore, 130 
Série des Mines showing position of 
ore-bearing horizons, 796, 799 
Sections, Thinned polished (Donnay), 


270 
~~ See . 
Sedimentary petrography (review), 
107 


Sedimentary rocks, deposition, 229 

Sediments, marine, oil in, 236 

Sediments, Mechanical analyses by 
centrifuge (Trask), 581 

Segall, Julius, on intergrowth of chal- 
cocite and bornite, 1 

Selukwe chromite deposits, 219 

Sentinel dolomite, 311 

Sequence of ore deposition in north 
Idaho (Anderson), 160 

Sericite, 352 

Série des Mines, 789 

Shakan, Alaska, Molybdenite deposit 
at (Buddington), 197 

Shale, Cromwell oil field, chemical 
composition, 341 

Shannon, E. V., on minerals of Idaho, 
160 

Sharpstone, D. C., on the Roan Ante- 
lope mine, 366 

Shatford Basin area, Manitoba, 145 

Sherritt-Gordon copper-zinc deposit, 
northern Manitoba (discussion), 
286 

Short, M. N., discussion of the ores 
of cobalt, 764 

and Ettlinger, on intergrowth of 

sulphide minerals, 

Siderite, 314 

Sierre de Imataca, Venezuela, 99 

Sieve tests of sands, 63 

Silica, leaching from iron formations, 
608 

solubility in hot water, 700 

Siliceous sands, Classification and 
specifications (Tuck), 57 

Silver ore, > district, 319 

Singewald, J. T., Jr., discussion by, 

211 


Size distribution of particles, deter- 
mination, 583 

Skutterudite, 486, 472, 504, 767 

Slichter, C. S., on motion of under- 
ground water, 716 

Smaltite, 472, 487, 504, 764; analyses, 
767 

Smelting practice, ancient, 79 

Smith, E. A., and Johnson, L. C., on 
Tuscaloosa formation, 621 

Smith, H. L., and Finlay, J. R., on 
iron ores of the Vermilion Range, 
845 

Smith, P. S., The gold resources of 
Alaska, 176-196 

Smith, R. A., on sands of Monroe for- 
mation, 462 

ee R. W., on origin of white 
clays, 624 

Soapstone, 808 

Society of Economic Geologists, 110, 
299 ; notice of m eeting, 779 


Sodium minerals, eastern Mongolia, 
759 
slid solution of chalcocite and covel- 
lite, 754 


Some properties of limestone as a 
reservoir rock (Howard and 
Love), 720 

Somers, R. E., on the Cromwell oil 
field, 327 

Sorsbie, R. F., definition of sand, 57 

Sour Dough limestone, 311 

South-central Africa metallogenetic 
province, 414 

Specific gravity of shale, Cromwell oil 
field, 338 

Specifications for sand, 59 

Sphalerite, 352; texture, 615 

Spodumene, 280; mine, Black Hills, 
275 

Spurr, J. E., on gold ores of Porcu- 
pine, 267 

on the Mandy orebody, 611 

Stamp, L. D., review of book b 

Stannite claims, Bernic Lake, 1 

Steatite, 808 

Steidtmann, E., on calcium-magnesium 
ratio of Niagara limestones, 460 

Stephanite, 645 

Stetefeldt, C. A., on the Panamint min- 
ing district, 305 

Stockwell, C. H., on Reindeer Lake 
area, 288 

Stone sawyers’ sand, 61 

Strengite, 351 

Stromeyerite, 3, 645; replacement by 

silver, 12 


y, 666 











898 INDEX TO VOLUME XxXV 


Structure, Beardmore-Nezah area, On- 

tario, 264 
Northern Rhedesia copper belt, 376 

Stucco sand, 61 

Studt, F. E., on geology of Katanga, 
784 

Study of the black shale overlying the 
cap rock of the Cromwell sand in 
relation to the o:igin of the Crom- 
well oil dome, Oklahoma 
(Grawe), 326 

Stutzer, O., and others, review of 
book by, 296 

Sudbury ore deposits, 358 

sequence in deposition, 363 

Sudbury region, geology, 356 

Sudbury series, 357 

Sulphide enrichment, supergene, Rho- 
desian ores, 406 

Sulphide investigations, papers on, 433 

Sulphide ores, banded or schistose, 
The texture and origin of some 
(Newhouse and Flaherty), 600 

Sulphide replacement, synthetic, of ore 
minerals (Ray), 433 

Sulphides, experiments on, 436 

Supergene cassiterite in tin veins, QI, 
211, 663 

Supergene Rake, Panamint dis- 
trict, 

Supergene Soighide enrichment, Rho- 
desian ores, 406 

Surface indications of ore, Rhodesia, 
384 , 

Sur prise formation, 310 

Surveying table, ancient, 83 

Svederup, T., and Nichols, J. B., on 
determination of size and distribu- 
tion of particles by centrifugal 
methods, 582 

Swamp origin of coal, 687 

Synthetic sulphide replacement of ore 
minerals (Ray)}, 433 

System of the Katanga, 787 


Tables— 

action of reagents on Cobalt ores, 
477 

analyses of black precipitates from 
distillation of sediments, 237 

analyses of carbonate gangues, 162 

analyses of gases {rom recent sedi- 
ments, 239 

analyses of oils from distillation of 
sediments, 236 

carbon content of black shale, 344 

color analyses of streaks of black 
shale, 336 


Tables—Continued 
comparison of the System of the 
Katanga in Katanga and Rho- 
desia, 791 
copper ores of Khodesian copper 
belt, 380° i 
experiments on sulphides, 436 
mechanical analysis of sediment, 595 
minerals in Cobalt mines, 628 
minerals of Cobait area, 500 
minerals with alabandite, 54 
oil and water, relations in limestone, 
725 
oxidation of ferrous iron, 714 
placer regions oi Alaska, 189 
relative abundance of Cobalt min- 
erals, 642 
solubility of silica in carbonate solu- 
tions, 703; in water, 702 
specific gravity shale in Cromvweil 
oil field, 339 
standard conditions for centrifugal 
analysis, 591 
value of gold produced in Alaska, 
197 
Taconite, 851 
Talc, geographic distribution, 807 
varieties in Virginia, 808 
Talc and soapstone deposits of Vir- 
ginia, The origin of the (Bur- 
foot), 805 
Tapley mine, 607 
Teas, L. P., definition of sand, 
Tennantite, 3, 747 
Telescope group, 311 
Tetrahedrite, 558, 560; chemistry of 
oxidation, 577 
Texture and origin of some banded or 
schistose sulphide ores (New- 
house and Flaherty), 600 
Textures, pseudo-eutectic, I 
Thermonatrite, 759 
Thiel, G. A., Experiments bearing on 
the biochemicai reduction of sul- 
phate waters, 242-250; on high 
temperature veins of Cuyuna 
Range, 849 
Thinned polished sections (Donnay), 
27Q 
Thomson, Ellis, A qualitative and 
quantitative determination of the 
ores of Cobalt, Ont., 470-505, 627— 


652 
Thorne, W. E., and Hooke, A. W., re- 
view of book by, 551 
Timiskaming rocks, 25§ 
ase : = 
iimiskamite, 645 
Tin, Bolivia, 211 
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Tin-bearing pegmatitecs in eastern 
Manitoba (Derry), 145 
Tin Mountain spodumene mine, Black 
Hills, South Dakota (Schwartz), 
275 
T odd, E. at on safflorite, 485 
Tolman, C. F., and Clark, J. D., on 
ee of copper-bearing sul- 
phides, 743 
and Rogers, A. F., on magmatic sul- 
phide ores, 16; on marcasite, 316; 
on polished thin sections, 270 
Tombstone district, Arizona, alaband- 
ite, 41 
Tonopah mining district, Nevada, 878 
Topography, Beardmore-Nezah area, 
Ontario, 251 
Lake Taboos-nor, eastern Mongolia, 
758 
Panamint silver district, 307 
Touwaide, M. E., Origin of the Boleo 
copper deposit, Lower California, 
Mexico, 113-144 
Traction sand, 61 
Transylvania, alabandite, 50 
Trasenter, P., on Krivoy. Rog iron 
ores, 719 
Trask, P. D., Mechanical analyses of 
sediments by cenirifuge, 581-590: 
on reduction of sulphate solutions, 
> 
and Wu, C. Analyses of oil and 
gas ig Wit ioe of recent 
sediments, 235-241 
Traverse formaticn oil reservoirs, 469 
Trenton limestone oil reservoir, 467 
Triangular boxwork, 558 
Triangular pseudo-eutectic texture, 
398 
Tronquoy, R., on magmatic consolida- 
tions, 17 
Tuck, Raiph, Classificaiion and speci- 
fications of siliceous sands, 57-64 
Tuff, Boleo district, 120 
Turner, H. W., and Rogers, A. F., on 
copper deposits of Plumas County, 
I5 
Tuscaloosa formation, 621; origin, 
625 
Tuscaloosa white clays, origin, 621 
Twenhofel, W. H., definition of sand, 
58 
Tyee, B. C., banded ore, 602 


Uglow, W. L., on banded ores, 604 
Ullmannite, 645 

Ulrich, E. O., on unconformities in 
the Trenton limestone, 467 








Umpleby, J .B., on the Osburn fault, 

Idaho, 163 
and Jones, on Coeur d’Alene dis- 

trict, 171 

Undeveloped mineral resources of the 
South (Payne), 775 

Uniformity coefficient of sand, 60 

United Verde mine, Jerome, Arizona, 
ores, 602 

Universe around us (review), 230 


Van der Veen, R. W., on microscopic 
examination oi transparent min- 
erals, 273 

Vanderwilt, J. W., informal communi- 
cation by, 222 

Van Doorninck, N. H., on Katanga 
copper deposits, 784 

on Katanga mineralization, 374 

Van Hise, C. R., on metamorphism, 

250 

and Bayley, W. S., on the Marquette 
iron district, 840 

and Leith, C. K., on formation of 
Lake Superior iron ores, 716 

Veatch, O., on origin of Georgia white 
clays, 622 

Ventilation by cloth flaps, ancient, 72 

V ermilion district, 845 

Vernadsky, W. J., review of book by, 
670 

Ver W iebe, W. A., review of book by, 

876 
Village Deep gold mine, S2 
Volume-weight relation of particles 


585 


Wagner, Percy A.. obituary notice, 88 
review of book by, 102 
on iron deposits of South Africa, 
718 
on replacements in can hee River 
iron deposits, Bushveld, 
on the auriferous conglomer rates of 
the W “gS ge 
Waldschmidt, W. on <n 
in ores, 604 
Walker, T. L., on cosalite at Cobalt, 
643 
on pentlandite, 359 
on rammelsbergite, 484 
W. — A. S., on antimony oxides, 


W ie and Hoffman, on deposition 
of ey ores, 363 

Wanless, H. R., review by, 228 

Wartenweiler, F., on distribution of 

gold in banket ore, S8 


goo 


Watanabe, M., on diffusion in ore de- 

posits, 739 
on geologic diffusion, 141 

Water, role in Boleo copper deposi- 
tion, 138 

Water and oil, relations in limestone, 
725 

Water level, change in Rhodesian cop- 
per belt, 382 

Weathering hypothesis of iron forma- 
tion, Lake Superior region, 705 

Webwork structure, 561 

Weed, H. W., on genesis of copper de- 
posits, 139 

Weight-accumulation curve for sedi- 
ment sample, 596 

Weight-volume reiation of particles, 


_ 583 : 
Weller, J. M., on requisites for caves, 


463 

Wells, F. G., on hydrothermal altera- 
tion of serpentine, 848 

Wells, O .W., review of maps by, 552 

Wentworth, C. K., The plotting and 
measurement of exaggerated 
cross-sections, 827-831 

definition of sand, 59 
White, C. H., on leached outcrops, 


558 
White, David, on relations in origin 
between coal and petroleum, 330 
on transformation of vegetal mat- 
ter, 679 
White clays of Tuscaioosa age, origin, 


621 
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